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SUMMARY

Advanced Pressurized Fluidized Bed Combustor (APFBC) power plant concept utilizes coal
to power a gas and steam turbine combined cycle for electrical power generation. Studies
(Robertson, 1989;Rubow, 1992;Rubow, 1993) have shown that this technology has promise
for thermal efficiencies greater than 50 percent (HHV). DOE has funded efforts to
demonstrate the APFBC technology and extend application to a commercial level.

In the APFBC concept, coal is chemically reacted to form a low-Btu fuel gas and char
through bubbling-bed gasification. Char is combusted with a large amount of excess air in
a pressurized fluidized-bed combustor (PFBC). Flue gas from the PFBC, which contains
a significant amount of oxygen, is then used to burn the fuel gas in a topping combustor.
The topping combustor exhaust is expanded in a gas turbine to produce power. Waste heat
is recovered in a HRSG and fluidized bed heat exchanger (FBHE) and used to generate
high pressure superheated steam which is expanded in a steam turbine to produce additional
electrical power.

The carbonizer and PFBC are large vessels each with significant volume. For a
commercial-sized APFBC power plant, the carbonizer freeboard volume is an order of
magnitude greater than the volume of the gas turbine. The PFBC volume is six times
greater than that of the carbonizer. The dynamic interaction of the two large reaction
vessels with the relatively small gas turbine has not been physically demonstrated, and
therefore, not completely understood. Furthermore, the steam bottoming cycle contains two
large steam drums which, due to the highly integrated nature of the APFBC concept,
contribute additional dynamic response in the PFBC and FBHE. The dynamic behavior of
the integrated topping and bottoming cycle components is complex and difficult to describe
quantitatively.

The primary objective of this study is to identify the key operating parameters affecting the
operation of a commercial-sized APFBC plant. It is also desired to quantify basic system
response to transient upsets and changes in load demand. It is expected that an
understanding of the dynamic behavior of the APFBC power plant will result in a robust
control strategy appropriate for demonstration and commercial-sized APFBC power plants.
A secondary objective of this study is the identification of plant design changes which result
in increased plant stability and ease of operation.

A PC-TRAX™ based dynamic model of a commercial-sized APFBC power plant was
constructed to simulate plant operation. Customized dynamic modules for the carbonizer,
PFBC, FBHE, gas turbine, and ash cooler were developed and written in ACSL. The
customized ACSL code was interfaced with the standard TRAX modules and is supported
by FORTRAN subroutines. PC-TRAX™ modules are used to simulate the power plant
controls. As part of the primary objective of this study, the dynamic model will help
determine if the individual APFBC process elements can be made to operate together based




on appropriate control strategies with minimal control elements, or if control strategies with
additional control elements, i.e., valves, accumulators, bypasses, and vents, are required.

Following completion of the dynamic model and integration of the control strategy,
simulated results for 100 percent load were compared to ASPEN™ generated results to
verify model performance. ASPEN™ s a steady-state modelling tool and was used to build
the template for the dynamic TRAX model. Model comparison revealed good agreement
of all process variables, as shown in Table S-1.

Following verification of the model at 100 percent load, two transient simulations were run:
100 percent load to 90 percent load, and 100 percent load to 50 percent of load. Results
at 90 percent of plant electric load are shown in Table S-2.

Analysis of variable plots indicate that while the plant can be turned down to 90 percent of
load, the simulated power plant takes an extended period of time to stabilize after the
90 percent load point is reached. Figure S-1 shows a plot of gas and steam turbine
generator output powers for a 10 percent decrease in coal feed at one percent a minute.
As can be seen in the figure, plant performance is less than optimal.

The effort described in this report was limited to developing the first approach for APFBC
process control. The present control scheme produces marginal results. Pronounced
interactions between the steam bottoming cycle and the FBHE inhibit a smooth transition
during plant turndown. Further study is required to produce a more robust and stable
control strategy. The lessons 1 earned and described in this report will provide a sound basis
for further study.

Analysis has shown that the model can be a valuable tool for investigating the dynamic
response of commercial-sized APFBC plants. Future work will utilize the model as a
starting point for modeling the demonstration plant for a similar power system, the Power
System Development Facility (PSDF), at Wilsonville, AL.




Table S-1

Steady-State Calibration Comparison t

ASPEN Model

PC-TRAX Model

Parameter Variance
Coal Flow 151,061 Ib/h 151,061 Ib/h 0%
Carbonizer Temp 1,600F 1,600F 0%*
Fuel Gas Flow 325,727 Ib/h 326,000 Ib/h -0.08%
Char Flow 112,754 Ib/h 112,550 Ib/h 0.16%
PFBC Temp 1,600F 1,600F 0%*
Vitiated Air Flow 2,702,371 Ib/h 2,700,100 Ib/h 0.08%
Topp Comb Temp 2,350 F 2,350 F 0%*
GT Exhaust Flow 3,564,850 Ib/h 3,567,200 Ib/h -0.07%
GT Exhaust Temp 1,141F 1,141F 0%
HRSG Exit Temp 280F 309F -3.8%*
Throttle Stm Flow 1,597,900 Ib/h 1,589,800 Ib/h 0.51%
Deaerator Steam 86,498 Ib/h 80,605 Ib/h 7.23%
Gas Turb Power 280 kw 276 KW 1.4%
Stm Turb Power 280 kw 282 kW -0.7%
Auxiliary Power 22 kW 22 kW 0%
Plant Net Power 538 kW 536 kW 0.3%
HHV Efficiency 46.75% 46.57% 0.4%

* Temperature variances based on absolute temperatures.
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"“Table S-2

Performance AT 90 Percent Load

e

e =
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100% Load

Change

© e e—

Parameter 90% Load

Coal Flow 151,061 Ib/h 133,060 Ib/h -11.9%
Carbonizer Temp 1,600F 1,600F 0%*
Fuel Gas Flow 326,000 Ib/h 288,100 Ib/h -11.6%
Char Flow 112,550 Ib/h 98,879 Ib/h -12.1%
PFBC Temp 1,600F 1,600F 0%*
Vitiated Air Flow 2,700,100 Ib/h 2,260,000 Ib/h -16.3%
Topp Comb Temp 2,350F 2,160F -8.1%*
GT Exhaust Flow 3,567,200 Ib/h 3,542,200 Ib/h -0.7%
GT Exhaust Temp 1,141F 1,019F. -7.1%
HRSG Exit Temp 309F 323F +1.8%*
Throttle Stm Flow 1,589,800 Ib/h 1,322,000 Ib/h -16.2%
Deaerator Steam 80,665 Ib/h 69,708 Ib/h -13.6%
Gas Turb Power 276 kW 234 kW -15.2%
Stm Turb Power 282 kW 242 kKW -14.1%

ute temperatures. S

* Temperature variances based on absol

© m——
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1.0 INTRODUCTION

The advanced pressurized fluidized bed combustor (APFBC) power plant combines an
efficient gas-fired combined cycle, a low-emission PFB combustor, and a coal pyrolysis unit
(carbonizer) that converts coal, America’s most plentiful fuel, into the gas turbine fuel.
Previous studies (Robertson, 1989; Rubow, 1992; Rubow, 1993) has shown that the APFBC
plant has the potential for high efficiency operation with low capital cost, resulting in a
coal-fired plant with a busbar cost of electricity lower than that of competing coal-fired
technologies.

From an operation standpoint, the APFBC plant is similar to an integrated gasification
combined cycle (IGCC) plant, except that the PFBC and fluid bed heat exchanger (FBHE)
allow a considerable fraction of coal energy to be shunted around the gas turbine and sent
directly to the steam turbine. By contrast, the fuel energy in IGCC plants and most other
combined cycles is primarily delivered to the gas turbine and then to the steam turbine.
Amother characteristic of the APFBC plant is the interaction among three large thermal
inertias -- carbonizer, PFBC, and FBHE -- that presents unique operational challenges for
modeling and operation of this type of plant.

This report describes the operating characteristics and dynamic responses of the APFBC
plant and discusses the advantages and shortcomings of several alternative control strategies
for the plant. In particular, interactions between PFBC, FBHE, and steam bottoming cycle
are analyzed and the effect of their interactions on plant operation is discussed.

The remainder of this report is outlined below.

®  The technical approach used in the study is described in Section 2.

* The dynamic model is introduced in Section 3 and described is detail in the
appendices.

*  Steady-state calibration and transient simulations are presented in Sections 4 and 5.
®  The development of the operating philosophy is discussed in Section 6.

*  Potential design changes to the dynamic model and trial control schemes are listed
in Sections 7 and 8.

*  Conclusions derived from the study are presented in Section 9.




2.0 TECHNICAL APPROACH

The purpose of this study is to develop a transient (dynamic) model of a 2nd-Generation
AFBC power plant, and to develop an operating philosophy to control transient modes
created by operating this type of power plant.

This section outlines the objectives of the study and the technical approach used to attain
those objectives.

2.1  OBJECTIVES
The objectives of this study are:
* toidentify the key operating parameters affecting the 2nd-Generation AFBC plant,

*  to quantify the basic responses of each major sub-system to changes in key operating
parameters,

*  to estimate the response of major sub-systems to expected changes in overall plant
operations, and

® to recommend design changes that will improve the transient and off-design
performance of the plant without adversely affecting the steady state operation of the
plant.

These objectives are realized through the development and exercise of a dynamic
mathematical model. The results of this task are expected to be useful for METC
sponsored on—site and off—site PFBC projects, and should have application in the analysis
of several technologies employing related processes.

2.2  SCOPE

The focus of the project is the development of a mathematical model of a 2nd-Generation
PFBC (PFBC-II) power plant. The original reference plant used the 1600 °F carbonizer
described in Figure 94 of the Second-Generation PFBC R&D Phase I report [Robertson
and others, 1989], and a modified Westinghouse 501D5 gas turbine. The current reference
plant is similar to the original, except that it incorporates recent developments in carbonizer
and gas turbine technology. Foster Wheeler has developed new carbonizer performance
data at 1600 °F based on their recent tests, and Westinghouse has developed the S01F gas
turbine, which has different characteristics than the modified W501D5 represented in the
original study. Flow sheets of the original and current reference plants are shown in
Figures 2-1 and 2-2, respectively. The differences between these plants are discussed under
"Reference System Upgrade" in Section 3.
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3.0 DYNAMIC MODEL

A PC-TRAX based dynamic model was constructed to simulate the performance of an
Advanced (second-generation) Pressurized Fluidized Bed Combustion (APFBC) power plant
under various transient conditions. PC-TRAX is a simulation package written in "C"
language and mounted on a PC platform. To perform a simulation, PC—TRAX generates
Advanced Continuous Simulation Language (ACSL) code, which is then converted in to
Fortran, compiled, linked, and executed. The data package used by the model includes:

Connectivity data, which define the interfaces between components blocks;

*  Operational data, which specify the capacities of the equipment; and

*  Performance data, which define the boundary conditions and internal settings within
which the plant operates.

The carbonizer, char hopper, PFBC, fluid bed heat exchanger, ash cooler, and topping
combustor are not part of PC—TRAX’s standard library, so customized dynamic modules
were written for these items in ACSL, which PC—TRAX combines with the
PC—TRAX-written ACSL code. (The carbonizer and PFBC modules include cyclones and
ceramic crossflow filters.) User-written Fortran subroutines have also been added for
special, non-dynamic algorithms such as fluid properties that are mnot included with
PC—TRAX software. Also, PC-TRAX macros are used to supplement the standard PC-
TRAX modules. Macro, Fortran, and ACSL source codes are included as appendixes.

This section describes the reference plant and preliminary assumptions used to construct the
model. The complete PC—TRAX model is described in greater detail in the appendices.

31 MODELING APPROACH

The dynamic model is intended for use primarily to estimate steady-state and off-design
performance, and secondarily to approximate the dynamic performance during selected
transient conditions. Emission parameters are not calculated by the model.

The model was used to analyze the operation of the Reference PFBC-II plant under
continuous-operation transients. During continuous-operation transients, all normally
operating equipment is operating and flow paths remain in their normal configurations.
Continuous-operation transients include: steady-state operation (for model calibration);
turndown from 100% to 90% load; and turndown from 100% to 50% load. For
continuous-operation transients, the TRAX model was used to track changes in key plant
operating parameters.

32 REFERENCE SYSTEM UPGRADE

The original reference plant used the 1600°F carbonizer described in Figure 94 of the
Second-Generation PFBC R&D Phase I report [Robertson and others, 1989], and a
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modified Westinghouse 501D5 gas turbine. The current reference plant is similar to the
original, except that it incorporates recent developments in carbonizer and gas turbine
technology. Foster Wheeler has developed new carbonizer performance data at 1600 °F
based on their recent tests, and Westinghouse has developed the 501F gas turbine, which
has different characteristics than the modified W501D5.

Figure 3-1 shows the progression of models from the steady-state base performance model
(from the 1989 Phase 1 report) to the steady-state calibration model and the dynamic model
used in this study. Revisions to carbonizer and gas turbine performance that cause the
difference between the Phase 1 steady-state model and the Phase 2 steady-state model are
listed in Table 3—1.

The PC-TRAX gas generation model is a simplified version of the gas generation "Spider"
diagram 11/18/92, Rev. D. The Rev. D version shows the results of carbonizer tests,
including small amounts of several gases, such as NH, and H,S, which are not included in
the PC-TRAX model. Table 3-2 compares the gas and char characteristics of the Rev.D
diagram and the PC-TRAX model. For simplicity, transport air leakage, purge air, air to
ash blowdown, and J-valve fluidizing air streams, which were part of the original steady-state
flowsheet, are not modeled in the Update Reference Case.

3.3 ASSUMPTIONS

Preliminary assumptions used to comstruct the dynamic model are described below.
Assumptions are described by area: plant, carbonizer, PFBC/FBHE, gas turbine, and steam
turbine cycle. Detailed modeling assumptions can be found in the Appendices.

3.3.1 Plant Assumptions

The properties of ambient air, coal, and sorbent are characterized in Table 3—3.
At 100% load, all coal and sorbent is fed to carbonizer, and none is fed to the PFBC.

The air flow network was simplified by combining several small air streams with the PFBC
secondary air flow. The remaining principal air flows were maintained as shown in
Figure 2-2. The small streams, which account for only about 1.5 percent of total air flow,
are purge and miscellaneous air, leakage air, J-valve air, and ash blowdown air. In addition,
condensate from the transport air dryer (0.007 percent of carbonizer air flow) is included
with the transport air instead of being removed.

3.3.2 Carbonizer Assumptions

The original baseline plant had a 1600 °F carbonizer fed by dry Pittsburgh No.8 coal and dry
dolomite sorbent. Since then, Foster Wheeler developed new carbonizer performance data
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at 1600 °F based on their recent tests, and the reference PFBC-II case was revised to reflect
these developments. The revisions are listed in Table 3-1.
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Phase 1 Phase 2 PC-TRAX
Steady-State Steady-State Dynamic
Model Model Model
Theoretical Carbonizer
Carbonizer Test Results
A\ \'4
8/26/87 Rev. B 11/18/92 Rev. D
"Spider" "Spider"
Diagram Diagram
Simplified Simplified
Carbonizer ---Same---> Carbonizer
Model Model
v A\ Vv
501 D-type 501 F-type e Same-—> 501 F-type
Gas Turbine Gas Turbine Gas Turbine
Model Model Model
Vv \'4
Modified Same.> Modified
Air Flow Air Flow
Model Model
A\ Vv Vv
Figure 95 Revised . Dynamic Exercise
PFBCII Plant <~ COMPATe>  prpoqr plant < Calibrate-> “prp o i prant
(PROTEUS) (ASPEN) (PC-TRAX)
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Table 3-1

Revisions to Reference Plant

Module/ Original 4/15/94
Parameter Plant Plant Reason
Ash Cooler Fig. 95 STP/DF* Carbonizer test results
Air & Gas Piping Fig. 95 ST/DPF** Carbonizer test results
Ambient 14.4/60 °F 14.4/60°F
Carbonizer Boost Compr Fig. 95 ST/DPF** Carbonizer test results
Carbonizer:

Diagram 8/26/87, 11/18/92,

Rev. B Rev. D

Temperature 1600 °F 1600°F Carbonizer test results

Steam Injection? No Yes

Gas/Coal flow, Ib/Ib 2.140 2,150

Gas HHV, Btu/Ib 2,041 2,506

Gas/coal HHV Energy 36.3% 41,7%

Char/Coal flow, Ib/Ib 0.768 0.753

Char HHV, Btu/Ilb 8,839 8,800

Char/Coal HHV Energy 52.6% 51.3%
Coal & Sorbent Feed Fig. 95 STP/DF* Carbonizer test results
Flare Added Added Needed for control
Gas Turbine:

Basis 2 x W501D5 2x 501F Newer turbine with

Inlet Airflow, 1b/s 2x 925 2x 943 better capacity match

Firing Temp 2350 °F ~2350°F

Pressure ration 14.1 14.0
HRSG Fig. 95 STP/DF* Carbonizer test results
PFBC + FBHE Fig. 95 ST/DPF** Carbonizer test results
Steam Turbine Fig. 95 STP/SF* Carbonizer test results
Steam & Water Piping Fig. 95 STP/DF* Carbonizer test results
Transport Air Fig. 95  ST/DPF** Carbonizer test results

Compressor

*STP/DF = Same temperatures and pressures, different flows.
**ST/DPF = Same temperatures, different pressures (for controls) and flows.
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Table 3-2
Rev. D and PC-TRAX Carbonizer Comparison

"Spider” PC-TRAX
11/18/92 Carbonizer
Rev. D Model
Gas/Coal Ratio 2.149 2.156 Ib/lb
Gas LHV 2,247 2,185 Btu/lb
Char/Coal Ratio 0.753 0.747 1b/lb
Air/Coal Ratio 1.441 1441 1b/Ib
Steam/Coal Ratio 0.162 0.162 1b/Ib
Sorbent/Coal Ratio 0.300 0.300 1b/Ib
Gas Mass Fractions:
Ar 0.0080 - included w/N,
CH, 0.0268 0.0191
CO 0.2128 0.2057
CO, 0.1629 0.1515
H, 0.0141 0.0170
HO 0.0691 0.0917
HS 0.0007 -
N, 0.5033 0.5150
NH, 0.023 -
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Table 3-3
Air, Coal, and Sorbent Assumptions

AIR
60.0 °F Ambient (dry-bulb) temperature
144 psia Ambient pressure
525 °F Wet-bulb temperature

COAL.: Pittsburgh No. 8
Dried Asrecd

71.92 69.36 %wt Carbon
4.69 451 Powt Hydrogen
1.26 122 Yowt Nitrogen
6.33 6.08 owt Oxygen
2.99 289  %owt Sulfur

10.31 9.94  Yowt Ash
2.50 6.00 %wt Moisture

12,916 12,452 Btu/lb HHV

SORBENT: Plum Run Dolomite, as received

545 Yowt Calcium carbonate
433  Yowt Magnesium carbonate
0.5 %owt Moisture
1.7  Yowt Inerts
175 1 Ca/S ratio

The carbonizer model was simplified by assuming 100-percent sulfur capture and zero
ammonia formation. Details of the carbonizer model are included in Appendix C.

333 PFBC/FBHE Assumptions

The circulating PFBC transfers heat through a separate fluid bed heat exchanger (FBHE).
Details of the PFBC/FBHE model are included in Appendix D and E, respectively.

3.34 Gas Turbine Assumptions

The original gas turbine is a modified Westinghouse W501D5 with a 14.0:1 pressure ratio
and a 2100°F topping combustor. The current reference gas turbine is a modified
Westinghouse 501F with a 14:1 pressure ratio and a 2350 °F topping combustor. Details of
the gas turbine model are included in Appendix H.
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3.3.5 Steam Turbine Assumptions

The steam cycle is designed around a 2400—psig, 1000 °F/1000 °F reheat condensing steam
turbine. Details of the steam turbine model are included in Appendix A.

34  INTEGRATED PLANT MODEL

The work is based on the baseline utility-sized PFBC-II plant described by the flow sheet
in Figure 3-2. The plant model is divided into the areas coded below.

Symbol Module

Air piping

Steam bottoming cycle
Carbonizer area

Flare

Gas Turbine

HRSG

PFBC/FBHE area
Vitiated air

<HwITmQmAOwp

Relevant input and output parameters that functionally define the performance of each
subsystem are listed in Table 3-4. Calibration was based on agreement between the results
of the model and data from the revised Reference Plant (see Table 3-1) within the following
accuracy bands:

a. Temperatures: +/- 10°F of Revised Reference Plant data
b. Pressures: +/- 10% of Revised Reference Plant data
C. Flows: +/- 10% of Revised Reference Plant data

Mathematical models describing the response of each major subsystem to changes in its
relevant parameters are outlined in Appendixes C through H, and the source listings for the
entire model are reproduced in Appendixes K, L, and M.
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"The model is much more detailed than the table below suggests, but, as a minimum, displays
the basic operating parameters in Table 3—4.

Table 3-4
Model Display Parameters
ELEMENT FLOW | PRESS | TEMP OTHER
Carbonizer X
Sorbent X
Plant Gross kW
Net kW
Carbonizer fuel gas X X X
Carbo char/solids X X X
PFBC Coal X
PFBC Vitiated Air X X X
Topping Combustor:
Fuel gas X X X
Vitiated air X X X
Gas exit X X X
Gas turbine air X X X
Gas turbine exhaust X X X
Gas turbine Net kW
Heat Exchangers:
Hot Inlet X X X
Hot Exit X X
Cold Inlet X X X
Cold Exit X X
Throttle steam X X X
Reheat steam X X X
LP turbine exhaust X X X
Steam turbine Net kW
Condenser Condensate X X X
Condenser Cool’g Wir X X X
Cool’'g water exit X X
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4.0 STEADY-STATE SIMULATIONS

Following completion of the model, steady-state results at 100 percent of design load were
compared to results generated with the steady-state software tool ASPEN™ ASPEN, an
acronym for Advanced System for Process Engineering, provided the original steady-state
conditions which served as a template for the dynamic TRAX based model.

Comparison of the steady state models showed good agreement amongst all of the process
variables. The uncontrolled process model was sufficiently stable to run a half hour before
generating a math coprocesser error. Good agreement between the steady-state models
indicated it was time to proceed to the next modeling level.

Following satisfactory steady-state model performance, the control model was constructed
and integrated with the process model. Each control loop was individually tuned to
determine appropriate gains and constants. The fully integrated and controlled model
results were then compared to the steady-state ASPEN results. Good agreement was found.
Table 4-1 compares various primary process values generated by each model. The PC-
TRAX variables shown in Table 4-1 correspond to a run time of eight hours.

As can be seen in Table 4-1, there is very good agreement between most of the process
variables listed. Carbonizer and PFBC temperatures and flowrates show very little variance.
The gas and steam turbine power outputs also compare favorably. The most striking
difference in model variables is the HRSG exhaust temperature which differs by 29 °F. This
difference is due to small differences in the thermodynamic methods of the two codes. Both
codes use the ASME steam tables but differ in the gas side calculation. Figure 4-1 contains
a plot of the carbonizer, PFBC, and topping combustor temperatures at steady-state
conditions. The time scale for the plot is 50 minutes. As can be seen in the figure, the
carbonizer temperature shows little variation and remains steady. The PFBC temperature
remains uniform but shows a slight variation of plus or minus 0.7 °F.

The variation in PFBC temperature requires further explanation. The temperature variation
appeared following integration of the topping and steam bottoming cycle. The stand alone
topping cycle model produced a PFBC temperature with no variation. The temperature
wobble is due to the highly interactive nature of the power cycle as well as the chosen
control strategy. These concepts will be discussed in Section 5.

Figure 4-2 shows a plot of the carbonizer, FBHE freeboard, PFBC, and topping combustor
pressures at steady-state conditions. As was the case in Figure 4-2, the time scale for the
plot is 50 minutes. The same scale for all four variables was used so that the direction of
gas flow could be visualized. Carbonizer pressure is greatest, followed by the FBHE, then
the PFBC, and finally the topping combustor. The FBHE freeboard pressure must be
greater than the PFBC pressure so that the FBHE fluidizing air may pass into the PFBC
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secondary combustion zone. Obviously, the topping combustor pressure must be lower than

that of the PFBC.
Table 4-1
Steady-State Calibration Comparison
Parameter ASPEN Model PC-TRAX Model Variance
Coal Flow 151,061 1b/h 151,061 Ib/h 0%
Carbonizer Temp 1,600F 1,600F 0%*
Fuel Gas Flow 325,727 Ib/h 326,000 Ib/h -0.08%
Char Flow 112,754 1b/h 112,550 Ib/h 0.16%
PFBC Temp 1,600F 1,600F 0%*
Vitiated Air Flow 2,702,371 1Ib/h 2,700,100 Ib/h 0.08%
Topp Comb Temp 2,350 F 2350 F 0%*
GT Exhaust Flow 3,564,850 Ib/h 3,567,200 Ib/h -0.07%
GT Exhaust Temp 1,141F 1,141F 0%
HRSG Exit Temp 280F 309F -3.8%*
Throttle Stm Flow 1,597,900 1b/h 1,589,800 1b/h 0.51%
Deaerator Steam 86,498 Ib/h 80,605 Ib/h 7.23%
Gas Turb Power 280 kW 276 kW 1.4%
Stm Turb Power 280 kW 282 kW -0.7%
Auxiliary Power 22 kW 22 kW 0%
Plant Net Power 538 kW 536 kW 0.3%
HHYV Efficiency 46.75% 46.57% 0.4%

* Temperature variances based on absolute temperatures.

Figure 4-3 contains a plot of steam turbine pressure, steam turbine power, and deaerator
storage tank water level. Both the high pressure steam header pressure and deaerator
storage tank level are very steady. However, the steam turbine power output shows a
consistent saw-tooth variation of 2 MWe. This variation causes no real problems. The
saw-tooth is due to a slight interface instability and is explained in further detail in
Appendix B.
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5.0 TRANSIENT SIMULATIONS

Following calibration of the model at 100 percent load, two transient simulations were
run: 100 percent to 90 percent; and 100 percent to 50 percent. Transient simulations
were run for four reasons:

1. To verify operation of the model by observing the interactions of major plant
subsystems during a minor turndown from 100 percent to 90 percent load;

2.  To determine whether the plant can be turned down to 50 percent load;

3. To determine what happens to the unrestricted variables (such as pressures,
temperatures, and flows) when the plant is subjected to specified operating and
upset conditions. (Ranges of process variables will not be restricted.)

4,  To determine the speed with which the plant can shed or add load.

The commercial size PFBC-II plant consists of two identical topping cycle trains
(carbonizer, PFBC/FBHE, ash cooler, topping combustor, gas turbine, and HRSG) and
a single bottoming cycle train (HP/IP/LP reheat steam turbine, deaerator, condenser,
and cooling tower). Since one of the purposes of this study is to determine the extent to
which the plant can be turned down, the flows in both topping cycle trains are varied
together to maximize the turndown of the plant. In actual operation, the two topping
cycle trains could also be turned down individually to separate set points. Future studies
could include this mode of operation as well and provide insight into the advantages of
each method.

5.1 TURNDOWN FROM 100% TO 90% LOAD

With the present control scheme, total plant power output is varied by ramping coal
flow. During execution of the model, the analyst manually inputs a ramp rate and final
value. This section will discuss the results of a minor turndown. A ramp decrease of
10 percent coal flow at a rate of 1 percent a minute was used. Due to the transmitter
range, the 10 percent change is actually a 11.9 percent change in absolute numbers.

Table 5-1 contains tabulated results for plant operation at 90 percent of load. These
values are compared to those generated at 100 percent of load. At 90 percent load, the
carbonizer temperature remains at 1,600 °F, but the fuel gas and char flows decrease by

about 12 percent compared to the 100 percent load values. Similar results are generated
by the PFBC.

The gas turbine is a constant volume machine that delivers nearly constant air mass
(mass flow changes with ambient conditions and IGV position). Therefore, the mass
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flow through the GT and HRSG changes very little. A variance of 0.7 percent is shown
in Table 5-1. What changes however, is the amount of fuel entering the GT. Less fuel
input corresponds to more excess air, which produces lower turbine inlet and exit
temperatures. The turbine inlet temperature decreased from 2,350 °F, at 100 percent
load, to 2,160 °F at 90 percent load.

Decreased plant fuel input results in less energy recovered by the bottoming cycle. This
causes a decrease in throttle steam flow, as shown in Figure 5-1. Throttle steam flow
decreased from 1,589,800 Ib/hr at 100 percent load, to 1,332,000 Ib/hr at 90 percent of
load. This is a 16 percent decrease.

In the HRSG, decreased flue gas and water flows produce a new temperature profile,
coupled with a fixed geometry, resulting in decreased energy removal. Since the boiler
feed water temperature changes very little, this results in a higher flue gas outlet
temperature. The HRSG exit temperature increased from 309 °F at 100 percent load, to
323 °F at 90 percent load.

Table 5-1
Performance at 90 percent Load
Parameter 100% Load 90% Load Change
Coal Flow 151,061 Ib/h 133,060 Ib/h -11.9%
Carbonizer Temp 1,600F 1,600F 0%*
Fuel Gas Flow 326,000 Ib/h 288,100 Ib/h -11.6%
Char Flow 112,550 Ib/h 98,879 1Ib/h -12.1%
PFBC Temp 1,600F 1,600F 0%*
Vitiated Air Flow 2,700,100 1b/h 2,260,000 Ib/h -16.3%
Topp Comb Temp 2,350F 2,160F -8.1%*
GT Exhaust Flow 3,567,200 Ib/h 3,542,200 Ib/h -0.7%
GT Exhaust Temp 1,141F 1,019F -1.1%
HRSG Exit Temp 309F 323F +1.8%*
Throttle Stm Flow 1,589,800 Ib/h 1,322,000 Ib/h -16.2%
Deaerator Steam 80,665 Ib/h 69,708 1b/h -13.6%
Gas Turb Power 276 kW 234 kW -15.2%
Stm Turb Power 282 kW 242 kW -14.1%

* Temperature variances based on absolute temperatures.

Analysis of variable plots indicate that while the plant can be turned down to 90 percent

of load, the turndown takes an extended period of time to stabilize. Also, plant
turndown produces various excursions which are intolerable from the standpoint of
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real-life hardware. The problem is most pronounced in the operation of the PFBC. The
present control scheme, which favored high efficiency operation during turndown, slaves
the PFBC/FBHE to the steam bottoming cycle. The combination produces less than
optimal results. The following discussion provides a more in-depth analysis of the
turndown.

Figure 5-1 contains a plot of the carbonizer temperature, carbonizer primary air flow,
and total plant coal flow. The time period plotted is roughly 3.3 hours and the coal
ramp is for a 10 percent decrease at a rate of 1 percent a minute. For the first

10 minute ramp period, primary air flow is regulated to maintain a carbonizer
temperature of 1,600 °F. Following the 10 minute ramp period, the primary air flow
sharply increases before entering a prolonged period of oscillation. The overall trend is
a decrease in the primary air flow, which is expected. Although the carbonizer
temperature remains close to 1,600 °F, i.e., maximum excursion is 1,607 °F, operation is
less than favorable.

Carbonizer CH, and H, production are shown in Figure 5-2 for the same 10 percent
ramp. Both values decrease due to decreased fuel input. The decrease in these gases is
expected. While CH, production decreases smoothly, H, production decreases in a
jagged, oscillatory manner. The LHV content of the fuel gas varies along with H,
production.

Figure 5-3 contains a plot of the carbonizer pressure, carbonizer pressure drop, and
solids elutriation rate. Solids elutriation rate decreases due to decreased superficial gas
velocity through the carbonizer freeboard. Gas velocity decreases due to lowered
primary air flow. A slight increase in the carbonizer pressure drop is shown. This
reflects small changes in the bulk gas density due to decreased carbonizer pressure.

Figures 5-1, 5-2, and 5-3 reflect expected chemical, thermodynamic, and hydrodynamic
phenomena. What wasn’t expected is the large excursions some variables exhibit during
the transient. This behavior results from interaction with downstream process variables.

Interaction between the PFBC/FBHE, topping combustor, process air supply, and the
steam generating component of the bottoming cycle is highly pronounced. A change in
one process variable of this group has a dramatic affect on the other variables. The
present control approaches and integrated dynamics preclude a stable response to
changes in load.

Figure 5-4 shows a plot of PFBC temperature and PFBC secondary air flow for a time
period of roughly 1.5 hours. The plot was generated during the ramp decrease in coal of
10 percent at 1 percent a minute as shown in Figure 5-1. Initially, PFBC temperature
drops about 10 °F prior to recovering to 1600 °F. Following a smaller drop in
temperature, the PFBC temperature sharply rises to 1630 °F prior to entering a highly
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oscillatory response which requires several hours to damp out.. As can be seen in
Figure 5-4, the secondary air flow changes in response to PFBC temperature.

It is obvious in Figure 5-4 that the secondary air flow is not causing the temperature
swings. Rather, the air is changing in response to temperature swings in the PFBC.
Figure 5-5 shows a plot of PFBC temperature and solids flow through the FBHE reheat
pass for the same time period. The apex of the PFBC temperature plot corresponds to
the nadir of the FBHE reheater solids flow. As solids are diverted from the reheater
pass, less heat is removed in the FBHE and the PFBC temperature rises. An increase in
solids flow through the reheater pass causes a sharp decrease in PFBC temperature.

Solids flow in the reheater pass are regulated to maintain superheat and reheat steam
temperature. As less steam flows through the system, lesser amounts of solids are
required in the FBHE superheater and reheater pass. As greater amounts of steam
flows through the system, more solids are required in the FBHE superheater and
reheater pass. Steam flow deceases with lowered waste heat generation and is expected
due to the drop in fuel input. However, the lengthy oscillations are not expected.

Figure 5-6 contains a plot of process air header pressure and air bypass valve stem
position. As the air requirements decrease in response to decreased coal feed, excess air
is available and begins to increase the air compressor back pressure. A bypass valve is
used to drain air out of the air header. For maximum efficiency, the air is routed to the
topping combustor. Opening the air bypass valve deceases the air header pressure
resulting in normal compressor work requirements.

Routing relatively cold air (700 °F) into the topping combustor (2,350 °F) produces a
decreased topping combustor temperature. This can be seen in Figure 5-7 which shows a
plot of the bypass air valve stem position and topping combustor temperature. As the
valve opens, topping combustor temperature decreases. As the bypass valve closes,
topping combustor temperature increases.

Lowered topping combustor temperatures result in lowered turbine rotor and exhaust
temperatures. Lowered flue gas temperature and massflow contributes to a modified
temperature profile in the HRSG. Constrained by pinch points, the HRSG becomes
more inefficient, leading to decreased steaming and higher flue gas exhaust
temperatures. Less heat is removed from the HRSG flue gas resulting in decreased
steam production. Figure 5-8 shows a plot of HRSG drum feed flowrate, H/P steam
flowrate, and solids flow in the FBHE reheater pass. As shown in the figure, decreased
FBHE reheater solids flow follows decreased steaming in the HRSG.

Examination of the plots suggests the following. A decrease in plant load lowers the air

requirements in the carbonizer and PFBC. Air is bypassed from the air header into the
topping combustor to lower the compressor discharge pressure thereby lowering the
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compressor work requirements. Air bypass lowers the plant steaming rate which in turn
decreases steam flow to the turbine. Lowered steam flow requires less solids to flow
through the FBHE superheat and reheat passes, which in turn, causes the PFBC
temperature to increase. This cycle is restarted as the air PFBC secondary air valve
opens in an effort to lJower the PFBC temperature. This can be seen in Figure 5-9 which
shows a plot of H/P steam flow, PFBC temperature, and PFBC secondary air flow.

Figure 5-10 shows a plot of the pressures in the carbonizer, FBHE, PFBC, and topping
combustor. It can be seen that the carbonizer is least affected by the dynamics of the
bottoming cycle. The other vessel pressures show wide oscillatory response. Allowing
the FBHE solids distribution to be controlled as a function of steam flow and bypassing
air into the topping combustor are believed to cause the unstable response shown in
these figures. The unstable response is unacceptable from a controls point of view.
Figure 5-11 shows steam turbine and gas turbine power for the coal ramp decrease.

To obtain adequate plant response, the control scheme must be changed. Several
variations of the scheme were tried and discussed in Section 8. None were successful.
Each control scheme involved the bypassing of compressor air from the air header into
the topping combustor in response to decreased air requirements due to decreased coal
flow.

Various alternative control schemes have been proposed. The proposed schemes
attempt to make the PFBC/FBHE arrangement and steam bottoming cycle less
interactive by introducing new control parameters such as attemperation in the reheater
and superheater passes, or the inclusion of coal feed to the PFBC during transients.
These alternatives will be investigated in future work.

52 TURNDOWN FROM 100% TO 50% LOAD

Due to the difficulties discussed in Section 5.1, stable operation at 50 percent of load
could not be achieved with the current control scheme. The controls must be reworked
to allow turndown to 50 percent. The three plots discussed below show the
characteristics of the current scheme.

Figure 5-12 contains a plot of the vessel pressures in the carbonizer, FBHE, PFBC, and
topping combustor for a 50 percent turndown at 1 percent a minute. Each vessel
pressure decreases as expected.

Figure 5-13 shows a plot of coal flow, PFBC temperature, and PFBC secondary air flow
for a 50 percent turndown at 1 percent a minute. As can be seen in the figure, PFBC
temperature demonstrates oscillatory response to the change in load. Also, the PFBC
secondary air flow rate is driven to zero, indicating that a more robust control scheme is
required.
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Figure 5-14 shows the power output for the GT and steam turbine during the 50 percent
decrease in coal flow. As seen in Section 5.1, turbine power output is not well behaved.
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6.0 OPERATING AND CONTROL PHILOSOPHY DEVELOPMENT

The initial second-generation PFB combustion plant in commercial operation will be a
base loaded unit with occasional turndown to 50-percent load. This is due to its high
efficiency (low heat rate) and low emissions. If the plant is required to operate at full
load for 5 days and at 50 percent for the weekend, normal demand fluctuations can be
met by reducing the output on each of the two modules. If operating at 50-percent load
for extended periods, one module is shut down entirely; the other is operated at

100 percent. During this time, maintenance on the idle carbonizer/CPFBC/gas turbine
module can be performed.

The operating and control philosophy of the PFBC-II plant is developed here in the
following sections:

6.1 PFBCHI control philosophy, including thermal inertias, plant control mode, and
control valve pressure drops

6.2 Carbonizer and char hopper

6.3 PFBC, including PFBC secondary air and FBHE

6.4 Topping Combustor

6.5 Gas turbine and HRSG

6.6 Steam system, including steam temperature, drum level, steam header pressure,
deaerator storage tank level, condenser hotwell level, and ash cooler water flow

6.7 Steam turbine

'This section discusses requirements, issues, and approaches to controlling the plant. The
control system itself is described in greater detail in Appendix L.

6.1 PFBC-II CONTROL PHILOSOPHY

Since the output of the PFBC plant will be maximized during its early years of operation,
features often incorporated to accommodate extended/efficient low-load operation and
rapid start-up/shut-down (e.g., variable pressure and 50-percent steam bypass) have not
been considered. However with the competitive environment envisioned for the electric
utility industry, it is practical to require a plant capable of load following from 50% to
100% to be required. The question of steam bypass capability has been considered in
the operating philosophy, but only to the extent necessary to promote further definition
of requirements.

The design criteria considered for plant operation are presented in Table 6-1.
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Table 6-1 Operating Goals for Second-Generation PFBC Plant
0 to 100-percent load in 16 hours

Cold Start:

Warm Start (from weekend shutdown): 0 to 100-percent load in 6 to 8 hours
Hot Start: 4 to 6 hours

Ramp Rates: 3-percent/min net electrical power

between 50- to 100-percent load

Changes in load are initiated by changes in coal flow, supplemented by changes in air
flows to various plant sections to maintain operation. In general, small changes in air
flow are made by positioning the compressor’s inlet guide vanes, while progressively
larger air flow adjustments are made by modulating air supply control valves, then by
opening bypasses, and finally by venting to atmosphere.

Design philosophies regarding bypasses and trips are different in the USA than they are
in Europe. European plants have strong incentives to stay on line, so plant trips are
avoided through the use of extensive bypass systems. In contrast, the international power
grid to which US plants are connected is assumed to be able to compensate for sudden
power losses from individual tripped units, so less emphasis is placed on keeping plants
on line and, consequently, to bypass systems as well.

6.1.1 Thermal Inertias

This plant has three major thermal masses: the FBHE, the carbonizer, and the PFBC.
These multiple thermal masses infer second- or third-order dynamic responses for the
overall plant, inherently more oscillatory than the first-order response of a plant with a
single, large thermal mass. An example of single large mass is the boiler in a coal-fired
steam plant.

A concept that seems unlikely because of the high temperature requirements of the
valves is the concept of "borrowing" energy from parts of the plant (PFBC, etc.) to
improve the response time of other parts of the plant (gas turbine). This is analogous to
the boiler and steam turbine in a steam power plant. All such schemes require valves to
isolate the energy storage system. There does not seem to be any practical way to
accomplish this with the topping cycle, so the energy "borrowing" proposal seems
unworkable.
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6.1.2 Plant Control Mode

The desired electric power output determined by the coal feed rate. The coal feed set
point is manually set along with a predetermined ramp rate and direction.

An earlier study (from Section 2.5.17, page 220 of the Phase 1 Report) had suggested
that, the Second-Generation PFB combustion plant could be designed to operate in any
of three modes: gas turbine leading, steam turbine following; steam turbine leading, gas
turbine following; or coordinated/integrated gas turbine/steam turbine control.

Based on further work, the Control Mode referred to as "Gas Turbine Leading" is
unworkable without a mechanism (control valve) for controlling fuel (energy) input to
the Gas Turbine. The workability of any Coordinated Gas Turbine/Steam Turbine
control mode is also unlikely without control of Gas Turbine energy input. At present
the only mode that seems possible is a Gas Turbine and Steam Turbine Following mode
with both responding to changes in coal (energy) input with the electrical generation split
between the cycles.

6.1.3 Control Valve Pressure Drops

'The pressure drop issue is a trade-off between plant efficiency and control response.
From an efficiency standpoint, minimal pressure drops in the working fluid (air and fuel
gas) lines results in the highest efficiency because it increases the amount of thermal
energy that can be converted into mechanical energy by the expander stages of the gas
turbine. From a controls standpoint, pressure drops across control valves are the motive
force that causes fluid flows to change when the valve positions are changed and must
meet minimum levels to allow the use of the valves as responsive control elements.

The following design conventions were used for valve configuration (sizing), based on
values at the steady state "design" point:

* Allow 20% of upstream pressure for a pressure drop across valves (globe) on
steam and water.

e Allow 10% of upstream pressure for a pressure drop across valves (butterfly) on
air and gas.

Valves will be configured so that "design" flow is achieved at 80% valve stroke for globe
valves and 65% for butterfly valves.

All valves for flow or pressure control will be configured as equal percentage
characteristic. Level control valves will be configured as linear characteristic.
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6.2 CARBONIZER AND CHAR HOPPER
The defining process constraints for the carbonizer are:

Pressure not to exceed 15 atmospheres

Transport air velocity constant at all loads (a conservative approximation).

Bed temperature constant at 1600 °F

Sorbent/coal mass flow ratio constant at 0.3002

Steam/coal mass flow ratio constant at 0.16196

Base Primary Air / Dry Coal mass flow ratio at 1.3106, with 425 % correction of
Primary Air flow for maintaining Carbonizer Bed Temperature at 1600 °F

Air flow for transport of coal and sorbent is controlled to keep a constant superficial
velocity in the piping regardless of load. This is a good approximation based on the
practical experience of FWDC. Transport air is controlled by the Inlet Guide Vanes
(IGV’s) on the Transport Air Boost Compressor.

Carbonizer temperature is controlled by regulating the amount of primary air to the
carbonizer. The carbonizer boost compressor flow is modulated by using its inlet guide
vanes.

Modulating the coal flow will cause a corresponding change in the dolomite flow; at the
same time, appropriate changes are made in the primary air flow and steam flow.
Primary air flow follows a function of coal flow with a time lag and a + /- 25%
correction based on deviation from setpoint. Sorbent flows to the carbonizer will be
controlled as a function of coal flow. Steam flow to the carbonizer is controlled as a
percentage of coal flow.

Char inlet flow to the PFB combustor basically follows coal flow by maintaining a level
in the collecting hopper. However, it is anticipated that allowing this level to vary during
load changes can be a way of increasing system response.

6.3 PFBC AND FBHE
The essential, defining process constraints of the PFBC and FBHE are:

Pressure should not exceed 15 atmospheres.

* PFBC temperature must be maintained between 1550 °F and 1750 °F for good
sulfur capture.

® The bed fluidizing air velocity must be constant, to maintain a constant 6-ft bed
height.
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Currently the controls are not configured to maintain a specific split between Primary
and Secondary Air flows. The Primary and Secondary Air Flow Control Valves are sized
for a specific pressure drop in accordance with the "General Plant" constraints. The
Primary Air flow is controlled to maintain a constant velocity (8.89782 ft/s) in the piping
regardless of load. The Secondary Air flow is controlled to maintain a setpoint of

1600 °F in the PFBC bed.

It is assumed that the bed is maintained at a constant height. Solids flows from the
CPFBC are primarily driven by J-valve air, which fluidizes the solids in the recirculation
line. A constant bed level is assumed at present, so there is no active control
maintaining the PFBC BED height via the J-Valves or other means.

For steady state, the amount of heat removed from the FBHE to the steam cycle would
eventually determine the bed temperature (as a consequence of an energy balance
around the PFBC plus FBHE). The actual temperature in the PFBC bed, even though it
is affected by the secondary air, is determined by the amount of steam going to the
steam turbine cycle.

6.3.1 PFBC Secondary Air

For the purposes of designing the dynamic model and controlling the main flows of the
plant, certain air flows are assumed to have negligible impacts on the operation of the
plant. Accordingly, miscellaneous air losses, ash blowdown, and J-valve air are not
modeled.

One of the control issues that may or may not be served by design changes for better
control is the amount of secondary air going to the PFB. As long as the unit is on line
and the gas turbine is running at synchronous speed, its compressor will provide an
essentially constant flow of air to the power island. That air is divided among the
subsystems in Table 6-2.

Table 6-2 Air Flow Response

Air Stream Control Variables
Air to the FBHEs Fluidizing velocity
Ash blowdown Solids feed rate (not modeled)

Carbonizer air Coal feed rate and carbonizer temp

Compressor flow Essentially constant

J-valve air Solids feed rate (not modeled)
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Miscellaneous air leaks Essentially constant (not modeled)
PFBC primary air Fluidizing velocity
Coal, sorbent transport air Superficial velocity
PFBC secondary air PFBC Bed temperature

Air bypass, vent Compressor flow minus all others

Although the air flows to the various sections of the plant are balanced at the design
point, when the plant goes off design virtually all of these flows change in response to
the needs of the plant, generally in proportion to the changes in solids flow rates.

For example, at reduced loads, the air needed for solids transport, carbonization, PFBC
fluidization, and ash removal blowdown, are all reduced in proportion to the solids flow,
and therefore the secondary air flow increases. The opposite result happens at loads
slightly above the design point, where slightly greater air demands by the other systems
leave slightly less secondary air for the PFBC. Changing secondary air flow is not a
problem for small excursions from the design point; however, there are limits to the
amount of variation in secondary air flow. For example, at a certain high-load point, all
of the compressor air would be needed for transport, carbonization, and primary
fluidization, leaving no secondary for the PFBC, and allowing the bed temperature to
rise to unacceptable levels. On the other hand, at reduced load the reduced air needs by
other parts of the plant result in large increases in secondary air flow to the PFBC,
which, combined with reductions in coal and char flows, prevent the PFBC from
maintaining its design temperature.

As another possibility, the PEBC Bed temperature can be maintained by bypassing air to
the Topping Combustor and/or venting it to atmosphere. Control of Secondary Air
could be programmed to allow PFBC Bed temperature to vary within the range of 1550
to 1750 °F during transients before modulating Secondary Air flow.

The total air flow to the plant can be modulated to some by changing the inlet guide
vanes to the compressor, but some other control approach (such as an air bypass around
the PFBC) is needed for wider load excursions.

6.3.2 FBHE

Seven solids zones (6 heat exchanger and 1 adiabatic; see Figure 30 in Phase I report)
are independently controlled. Air flow to each zone is controlled to maintain superficial
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velocity of 0.50 ft/sec. Pressure drops across the control valves are about 10 psi at the
100% load.

64 TOPPING COMBUSTOR
The essential, defining process constraints of the topping combustor are:

® Pressure should not exceed 14 atmospheres.
e Exit temperature should not exceed 2350 °F

Air not needed for transport, carbonizer operation, PFBC, or FBHE can be bypassed to
the topping combustor (where it lowers the turbine inlet temperature) or vented to
atmosphere. Air will be vented during brief transients, and bypassed to the topping
combustor during steady-state. The rate of change of bypass air flow must be limited by
the thermal shock (mechanical strength) limitations of the turbine and HRSG. Venting
would be required to accommodate the difference between the air flow not used by the
carbonizer and PFBC, and the maximum air flow that can be accommodated by the
topping combustor:

Total compressor exit air flow

-Transport air flow

-Carbonizer air flow

-PFBC fluidizing air flow

-PFBC secondary air flow
-J-valves, losses, and miscellaneous
=Excess compressed air

-Max allowable bypass air to topping combustor
=Vented air (temporary)

'The venting of air is a transient activity until the plant can come to a new equilibrium
point with a new gas turbine firing temperature (and corresponding pressure ratio). The
steady-state flow of bypass air to the topping combustor is determined by load.

Air bypass from the gas turbine compressor header to the topping combustor will
dramatically lower the gas temperature leaving the topping combustor.

Load changes generate transients that may affect the topping combustor gas exit
temperature entering the gas turbine. These temperature excursions may exceed the
maximum allowable inlet gas turbine temperature requiring injection of spray water into
the line leaving the topping combustor. (Water absorbs about 1,000 Btu/Ib as it
evaporates, so each pound of sprayed water could reduce the temperature of

1,000 pounds of gases by about 4 °F (assuming cp=0.25). The maximum amount of
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water that could be sprayed into the combustor shell without causing compressor surge is
about 5 percent of the compressor inlet air flow.) If the final control system design
mitigates or eliminates this temperature excursion, water injection may not be required.

6.5 GAS TURBINE AND HRSG
The essential, defining process constraints of the gas turbine are:

* Compressor surge must be avoided.
Compressor exit temperature not exceed 800 °F.
Inlet flow parameter W*sqrt(T)/P will remain constant (not a controlled variable).

Gas inlet temperature should not exceed 1200 °F.
Gas inlet temperature not to change quickly (thermal shock to tubes).

The gas turbine fuel valve issue reflects the differing design requirements of the gas
turbine and the carbonizer. Gas turbines fueled by oil or natural gas are normally
controlled by changing the fuel flow with a throttle valve just upstream of the gas turbine
combustor. Changing the fuel flow does not affect the oil storage tanks or natural gas
pipelines.

The carbonizer, however, is constantly producing fuel gas for a relatively small pipeline.
Changes in fuel gas flow can affect its operation because the gas flow changes almost
instantaneously, while the coal feed rate and mild gasification process are slower to
respond. Differences in carbonizer inlet flows, gas generation rates, and exit flows result
in carbonizer pressure excursions.

The lack of gas turbine fuel/vitiated air inlet control valves limits the modes of
integrated control as described under Section 6.1.2, "Plant Control Mode." The gas
turbine cannot "lead” the plant without its own set of fuel (energy input) control valves.
The high temperatures of the fuel gas and vitiated air lines to the topping combustor
seem to make valves in those lines impractical, so the gas turbine can not lead the
system.

6.6 STEAM SYSTEM
The steam generators consists of the HRSG, which recovers heat from the gas turbine
exhaust gases, and the FBHE, which recovers heat from solids circulated through the

CPFBC. Each steam generator requires a feedwater control system and a
steam-temperature control system.

In the feedwater control system, the feedwater pump maintains the pressure in the
feedwater supply header, and the feedwater control valves are controlled using a
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standard 3-element control scheme based on measurements of drum level, feedwater
flow, and steam flow. Steam temperature from the HRSG is not controlled because it is
only capable of supplying saturated steam. The FBHE superheater and reheater steam
temperatures are controlled by diverting solids within the FBHE.

6.6.1 Steam Temperature

Steam temperature from the superheater and reheater are controlled by a combination
of mechanical solids dampers and a finishing superheater bypass. The bypass (which was
not modeled) raises the final steam temperature to the required set point during start-up.
Each steam bypass contains a control valve, an isolation valve, and a desuperheating
system for bypassing steam around the HP and IP/LP turbines.

The bypass system provides the means to start up either CPFBC, raise the pressure and
temperature of the steam generated by the second CPFBC, match the pressure
temperature of the first boiler, and blend the two steam flows in a controlled manner.

The solids diverter is controlled to establish equal temperatures at the outlets of the
reheater and final superheater.

6.6.2 Drum Level

The HP steam drums on both the HRSG and the FBHE are maintained by 3-element
feedwater control systems. Steam flow out and feedwater flow in are maintained in
balance with a trim to maintain water level at a fixed set point. Two valves downstream
of the HRSG economizer section are used to regulate flow. No valve is required
upstream of the HRSG.

6.6.3 Steam Header Pressure

Steam flow into the hp steam turbine is controlled by a three-mode controller to
maintain steam header pressure setpoint.

6.6.4 Deaerator Storage Tank Level

The deaerator level is controlled by a three-element control. Condensate flow into the
deaerator is compared to feedwater flow out, with correction for level deviation from a
fixed setpoint. This error is applied to a three-mode controller that maintains level by
controlling the condensate flow to the deaerator.
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6.6.5 Condenser Hotwell Level

Condenser hotwell level is maintained at a pre-set level by a three-mode controller. This
controller’s output controls two valves: the spillover valve to the condensate storage
tank, and the makeup valve from the condensate storage tank. These valves are
split-ranged and opposite-acting. The spillover valve is direct acting and opens as the
controller signal goes from 50% to 100%. The makeup valve is reverse acting and goes
from open to close as the controller signal goes from 0% to 50%.

6.6.6 Ash Cooler Water Flow

The essential, defining process constraints of the ash cooler are:

e Water temperature must be maintained below saturation flash temperature
(206 °F)
¢ Ash exit temperature must be maintained below 300 °F.

Water flow to the ash cooler is controlled to prevent flashing in the ash cooler and

associated piping. Several simulation runs showed that flashing could occur in the ash
cooler.
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7.0 POTENTIAL MODEL DESIGN CHANGES

The purpose of this section is to discuss ideas and concepts of interest which may
improve the operational performance and stability of the current model. Model and
control improvements will be discussed first. A good portion of this discussion is taken
from a brainstorming session with METC, G/C and FWDC conducted on

August 2, 1994.

As discussed in Section 5, plant response to transients produced highly oscillatory
behavior. Analysis of plant data suggests that the carbonizer and steam bottoming cycle
controls produce acceptable response. However, the control scheme for the
PFBC/FBHE, gas turbine, and steam generating components of the bottoming cycle
resulted in highly coupled and unstable response. A few ideas on lessening this
interaction are presented below.

Dumping Air to Ambient. As shown in Figure 5-7, bypassing process air directly
into the topping combustor had an immediate cooling affect. A possible
alternative is to dump the excess air to ambient. This may lessen the interaction
between the topping and bottoming cycles. The ambient dump could be conducted
only on a temporary basis, i.e., during the transient, rather than dumping air to
ambient at all levels of reduced load operation. Temporary rather than prolonged
air dumping to ambient would lessen the effects of lost efficiency. Dumping air to
atmosphere would maintain an elevated gas turbine firing temperature, but since
this action would reduce the mass flow through the turbine, it would probably
reduce, not increase, the turbine power. This modification should be analyzed
further to properly assess all potential influences on other portions of the process.

Coal to PFBC. The addition of coal to the PFBC as a means of maintaining
PFBC temperature during decreases in load has been suggested by Robertson
(1994). During turndown, there would be no air bypass to the topping combustor
or ambient. Instead, excess process air would flow to the PFBC. Additional coal
to the PFBC would inhibit a large temperature decrease. It is not known at this
time what affect this mid-process fuel injection would have on overall plant
stability. Increased coal combustion would most definitely decrease plant
efficiency. The decrease in plant efficiency may be warranted if sufficiently stable
plant response is attained.

Char I evel Modulation. A PID controller is used to maintain a constant solids
level in the char hopper. A decrease in coal flow to the carbonizer is mirrored by
a decrease in char flow to the PFBC due to decreased flow of char from the
carbonizer to the hopper. The char hopper may be utilized as a surge storage
volume to promote smoother operation of the PFBC during transients. During a
load change, the level in the char hopper could be allowed to either rise or fall to
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maintain a constant char flow to the PFBC. It is hoped that this approach could in
some manner help stabilize the plant during load changes.

Sliding Pressure Steam Turbine. Currently, a PID controller modulates flow to the
steam turbine to maintain a constant turbine inlet pressure. It has been suggested
that sliding pressure operation of the steam turbine could be implemented in an
effort to stabilize plant response during load changes. It is believed that this would
have marginal effectiveness and provide additional complexity to the system. In
addition, sliding pressure steam turbines are generally not favored by most utilities.

Water Spray to Topping Combustor. As discussed in Section 5, variations in
topping combustor temperature affects the steaming rate in the HRSG. A method
of smoothing out the GT inlet temperature could lessen the detrimental interactive
affects. One method which could be used is a water spray into the gas turbine
exhaust to control exit gas temperature. This may help smooth out operation of
steam generation in the HRSG.

Steam Attemperation in FBHE. The FBHE can be partially decoupled from the
steam generating portion of the bottoming cycle by introducing an additional
control element, steam attemperation. The design of the superheater and reheater
could be modified so that design steam temperature is attained at 30 or 40 percent
of load. At higher loads, water spray would be used to control the temperature.
This would free the FBHE solid diverters which could be utilized to control PFBC
bed temperature.

Follow Char Flow. The current control scheme initiates load changes via a
ramped change in feed coal. It has been suggested that a control scheme could be
utilized that followed load changes in char flow to the PFBC. This would have the
effect of moving the leading process element from the carbonizer to the PFBC.
What affect this will have on plant operation is unclear.

Rethinking the IGVs. Gas turbine compressor IGV position should be 100 percent
full open at 100 percent of load. Westinghouse maintains that the IGV’s full range
accounts for 20 percent of design flow. The current model assumed that the IGV’s
were at 0 percent open at 100 percent of load. A machine of this type would have
to be specially built, and may have decreased performance. In light of this, the
role of the gas turbine compressor in APFBC power cycles must be thought over
more carefully from a control standpoint. The primary question is how introduce
additional air to the plant when operating at 100 percent of design load.

The text above discussed possible model improvements. The improvements are designed

to achieve stable APFBC plant operation during turndown. The remainder of this
section will discuss possible follow on uses for the model.
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The current APFBC power plant concept relies on high temperature, particulate cleanup
devices (PCD) to remove small solid particles from the fuel and flue gas streams prior
to expansion. Depending on the design, these ceramic devices are generally referred to
as cross-flow or barrier filters. The devices utilize a pulse injection of nitrogen to clean
particulate matter from the surface of the filter. The present model, or portions of the
present model, could be modified to investigate plant operation with the gas injections
required by a commercial APFBC power plant.

The current model could be used as a starting platform for dynamic models of either
Wilsonville or the Four Rivers Project. Modeling Wilsonville would require changes to
model chemistry, vessel geometry, and model configuration such as removing the steam
turbine bottoming cycle. Also, new design point condition would have to be calculated
and integrated into the model. A control scheme would then have to be modeled. The
model presented here will serve as a guide thereby facilitating the effort.

The Four Rivers Plant is fairly complex due to inclusion of a steam turbine and constant
steam export requirement. A dynamic model of this plant would be a useful tool from
both a control and training point of view.

The current model could be used as a starting point for the 1.5 Generation PFBC cycle.

The carbonizer would have to be removed from the cycle, but a majority of the
remaining layout would be similar.
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8.0 TRIAL CONTROL SCHEMES

As discussed in Section 5, the control scheme presented in this report produces
inadequate responses to decreases in plant load. Even though the plant can be turned
down from 100 percent of load to 90 percent, the transition is lengthy and characterized
by several process variable excursions. Section 7 presented some model and control
modifications that may or may not yield a more desirable response. This section will
review the various control strategies which were tried as an initial attempt at a PFBC
process control.

The control scheme associated with the carbonizer has more or less remained the same
since its inception. The only modification was the addition of the lead/lag element on
the coal flow transmitter for the primary air control loop. The lagged coal flow signal
causes the carbonizer primary air control to respond preferentially to temperature
changes rather than coal flow. Trial and error was utilized to arrive at this
determination. It is felt that the present control scheme for the carbonizer is adequate.

Component control for the steam bottoming cycle, excluding steam generation, is typical
of that found in contemporary steam power plants. Following controller tuning, the
scheme has not been altered and is expected to yield adequate control.

The controls for the PFBC primary zone air and FBHE fluidizing air are maintained at a
setpoint corresponding to preset superficial gas velocities. The control delivers
satisfactory results and has not changed since initially proposed.

The control aspect that has seen the most modification and controversy is that associated
with the process air header and bypass. At the heart of the issue is what should be done
with the excess air available during a turndown in plant load. Several concepts were

explored. Each yielded equally unsatisfactory results. The concepts are reviewed below.

The current control scheme opted for high plant efficiency, even during turndown. To
achieve high plant efficiency, no fresh coal was combusted in the PFBC. During
turndown, control valves on the process air stream close causing higher pressure at the
compressor discharge and lower pressure at the expander inlet. This combination leads
to decreased cycle efficiency. The air header pressure increase is due to more air being
available to the carbonizer and PFBC than required.

Initially, the GT compressor IGV’s were assumed 100 percent open at design load. Air
could be bypassed from the GT compressor outlet to the topping combustor. The IGV’s
and bypass valve were split ranged and reverse acting. At 100 percent of design load, a
control demand signal for less air would preferentially cause the IGV’s to close, followed
by opening of the air bypass valve.
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Small changes in process air demand could be accommodated by this scheme, however,
moderate changes, such as a decrease in plant load from 100 percent to 90 percent,
could not be accommodated by this scheme. The IGV’s affect on PFBC temperature is
small due to the relatively small amount of flow affected by their full range. Therefore,
a large temperature drop (greater than 60 °F) in the PFBC would occur by the time the
IGV’s closed and the air bypass valve opened. A great deal of time was spent bringing
the PFBC temperature back to 1600 °F. The results were unacceptable.

It became clear that to effect quick changes in flow around the PFBC, the bypass valve
rather than the compressor IGV’s would have to be preferentially modulated for
decreased air flow demand. To this end, a scheme was initiated in which the bypass flow
was maintained as a function of the ratio of air header pressure to total plant load. In
this manner, decreased air requirements, as reflected in lower plant loads, would cause
the bypass valve to open thereby relieve pressure in the air header.

All attempts to utilize this scheme failed. Due to the large volumes of the carbonizer
and PFBC, changes in plant load initiated by decreases in carbonizer coal feed caused
the carbonizer and PFBC air supply valves to limit flow for an extended period of time
before the bypass valve was opened. It took several minutes to generate a significant
enough change in electrical load to activate the bypass valve. This caused pressure in
the air header to increase from a nominal valve of 200 psia to about 250 psia. When the
bypass valve finally opened, the amount of air bypassed was so large that negative back
pressure in the PFBC air feed piping was generated.

Similar results-were experienced when the controller tuning constants were modified.
Bypass valve position was also made a function of the ratio of air header pressure and
coal flow. This scheme also failed to produce acceptable results. Various schemes
including bypass to ambient continued to produce unacceptable results, usually
accompanied by negative back pressure.

In an effort to ameliorate negative back pressure in the PFBC feed piping, the air bypass
valve was moved from the GT compressor exhaust to the piping for the PFBC secondary
air flow. It was reasoned that inertia contained in the piping between the compressor
and PFBC would slow the pressure-flow dynamics such that negative back pressure
would not be a problem. To increase the dynamics of the controllers, the control valve
on the PFBC secondary air valve was removed and the bypass valve was made a function
of PFBC temperature. Decreases in PFBC temperature caused the bypass valve to open,
which decreases air flow to the PFBC, thereby increasing the vessel temperature.

This scheme produced results similar to those witnessed with the present control scheme
as presented in Appendix I. Therefore, it was abandoned. Direct cooling of the topping
combustor with bypass air coupled with the FBHE solids diverters slaved to steam
temperature appear to give rise to the unstable plant response.
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Assuming that the component time constants are representative of those that would exist
with actual commercial equipment, a more robust control strategy is needed. It seems
that the qualified strategy will decouple the PFBC/FBHE, gas turbine, and steam
generator. Possible control strategy modifications are discussed in Section 7.
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9.0 CONCLUSIONS AND RECOMMENDATIONS

A dynamic performance model for a commercial-sized Advanced Pressurized FBC power
plant has been developed using PC-TRAX software. Currently, only a 1 MWe
equivalent test rig is available for model calibration, eliminating the possibility of
equipment-based calibration; however, important insights have been gained through the
development of this dynamic model of a commercial-sized APFBC power plant.

1. The model features the following:

Standard commercial "modules” for the conventional plant
components/systems drawn from the PC-TRAX library,

Custom-designed "modules” for the developmental/non-standard
components/systems developed as part of this project,

Interface software developed to facilitate exchange of flow, temperature,
pressure, enthalpy, density and fluid composition data between standard
and custom modules in a dynamic simulation of integrated plant operation,

Standard commercial control "modules” which were used to implement the
control strategy,

Platform from which to exercise the plant (model and control strategies) in
response to user initiated scenarios, such as a load change from
100 percent to 90 percent at 5 percent per minute,

Capability to acquire and store data on all process parameters and to both
display (CRT) and print this data in selected subsets in both tabular and
trend formats, and,

Detailed and commented documentation allowing users to exercise the
plant and make changes to both the model and the control strategies.

2. Basic and elementary control strategy was integrated into the PC-TRAX model
which features the following:

Final control elements integrated within PC-TRAX modules,
Commercial control designs such as three-mode controllers (PID), cascaded

control strategies for certain parameters such as steam drum level control,
and
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¢  Control of all process subsystems is initiated from a deviation between

actual coal flow and the coal flow setpoint (in real practice, derived from a
MWe demand) in a process disturbance from a setpoint reaction.

The model developed along with the initial control philosophies produced valid or

"true” data. It did not hide or misrepresent process variable excursions in

response to initiated disturbances. The process variable responses were logical

(occurred in the expected direction and magnitude) and repeatable. The model

has not been oversimplified, if anything, it is more complex than originally

planned. This makes it a valid tool for future research.

Additional development of the control strategy is needed, particularly in the rela-
tionship of the Fluid Bed Heat Exchanger (FBHE) and the steam bottoming
cycle. Oscillatory energy swings encountered after changing load indicate that this
complex relationship requires more definition, and perhaps a significant changes
in control strategy.

A dynamic model] of a Particulate Control Device (PCD) should be developed
and incorporated into the plant model. The dynamic PCD model would replace
the quasi-static PCD model presently used in the model. Incorporating the PCD
dynamics would greatly enhance the model by providing a more comprehensive
representation of actual plant performance

Development of a 1.5 Generation PFBC power plant dynamic model, using the
subject dynamic model as a starting point, is recommended. In the

1.5 Generation power plant concept, there is no carbonizer and coal is fed directly
to the PFBC, eliminating one level of control/response, and simplifying the
model. The model could be enhanced by the inclusion of a fully dynamic
Particulate Control Device (PCD) model. This model would provide the
opportunity to isolate and resolve problems associated with the relationship
between the FBHE and the steam bottoming cycle.

The subject dynamic model is recommended as a tool for development and
analysis of the Power System Development System (PSDF) in Wilsonville, AL.
The PSDF includes the same major components, excluding the steam bottoming
cycle, which is replaced by a cold-water heat sink. A PSDF plant model could aid
designers by providing a platform on which to test various control strategies as
well as investigating the placement of additional final control elements. Following
construction of the PSDF, the model could be tuned with actual plant operating
data, thereby providing valuable insight into future problems as well as a possible
operator training tool.

It is recommended continued and additional support be provided to utilize the
subject plant model as a tool to investigate the following:
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Improved stability and rate of response to load changes for the CPFBC,
FBHE and steam bottoming cycles;

Experiment further with alternate primary control strategies, including char
feed (vs. coal feed), gas turbine control lead (GT inlet control valve briefly
tried as part of this study), or some combination of these approaches;

Investigate the potential of char storage as a method of system energy
storage to smooth the response to load change; and

Investigate the potential of hybrid or full variable pressure operation to
determine its potential in the APFBC to improve the viability of the
selected control strategy.

Application of current practice control strategies such as feedforward load
demand to selected subprocesses with off line adjustment and variable gain
controllers.

Monitoring and analysis of primary and secondary process variables to
determine the best process variables to use as primary control variables
and secondary control variables (overrides). This may involve a
combination of strategies and variables over a range of operation.

After determining that current process control strategies do not produce
the desired results it may be necessary to investigate advanced control
strategies such as state variable and Smith predictor.

Resize components based on providing a control point from which a
control strategy (control element, mode of control and control variable)
can be developed and implemented successfully. An example of this is
utility boiler superheat and reheat temperatures. Boiler design is
conducted based on achieving temperature setpoint (optimum) at
nominally 70 percent load, not 100 percent of load. At loads less than

70 percent overfiring can be utilized to build pressure and improve load
response with reduced probability of producing over temperature. At loads
equal to or above 70 percent, control elements such as burner tilts RH/SH
pass dampers and spray attemperation are constantly used to return high
temperatures to setpoint during steady state, process disturbance, and load
disturbance scenarios.
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A  DYNAMIC MODEL OVERVIEW

The dynamic model presented in this report is a commercial-sized APFBC power plant.
A description of the power plant is provided in Section A.1 to provide a fuller
understanding of the model. The plant description is based on work completed by
Robertson (1989). A preliminary model description is given in Section A.2. The model
description introduces the basic concepts which are extended in other sections.

Section A.3 presents block diagrams representing the TRAX module configuration.
Section A.4 provides the model user with the basic concepts needed to use and modify
the model.

A.1 PLANT DESCRIPTION

The APFBC power plant is comprised of four primary subcomponents; the carbonizer,
CPFBC/FBHE, gas turbine, and steam turbine. The model presented in this report
dynamically simulates the integrated performance of all these subunits. A better
understanding of the computer model can more easily be obtained with the help of a
plant description. Please refer to Figure 2.2 during the reading of this section.

The carbonizer is a bubbling-bed reactor that utilizes air and steam to convert coal into
a low-Btu fuel gas at high temperature and pressure. Coal processed in the carbonizer is
initially dried to 2.5 percent moisture. Dry coal and sorbent is pneumatically conveyed
to the carbonizer. High pressure air is provided by a booster compressor. A
calcium-based sorbent is used to limit gaseous sulfur emissions that are predominantly in
the form of H,S. The design used in this study specifies a carbonizer operating
temperature of 1,600 °F and a vessel pressure of approximately 209 psia. The low-Btu
fuel gas produced in the carbonizer has an LHV of 2,247 Btu/Ib.

Unconverted coal, in the form of char, is gravity-drained from the carbonizer vessel
along with unspent sorbent. Entrained solid material is removed from the gas phase by
a combination of cyclones and barrier filters. Solid material elutriated with the fuel gas
accounts for approximately 16 percent of the total solid material produced. The char
LHV is about 11,700 Btu/Ib. Char and sorbent are stored in a hopper prior to being fed
to the PFBC.

The PFBC generates hot vitiated air that is utilized in the topping combustor. Hot air is
generated by combusting char, generated in the carbonizer, in a large volume of excess
air. Large amounts of excess air help the combustion process and ensure ample O, for
fuel gas combustion in the topping combustor. Also, larger amounts of excess air
promote increased thermal energy transfer of the char to the topping combustor by
direct heat transfer.

The PFBC is a fluidized-bed reactor that operates at 1,600 °F and 185 psia. There are
two combustion zones: the primary zone is substoichiometric, and the secondary zone is
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characterized by large amounts of excess air. Recirculation of solid material promotes
high carbon conversion through increased solids residence times. Sorbent not sulfided in
the carbonizer reduces SO, emissions from the PFBC. Overall sulfur capture by the
process is approximately 90 percent.

Waste heat generated in the PFBC is removed in the FBHE. Solid material is circulated
from the PFBC, to the ¢yclone, to the FBHE, then returned to the PFBC. Heat transfer
surface in the FBHE is used to remove heat from the solid material. In this manner, the
PFBC temperature can be maintained at a desired value. The energy removed is used to
generate high pressure and reheat steam.

The FBHE is divided into seven cells. Each of the seven cells is fluidized with air.
Fluidization velocities are approximately 0.5 ft/sec. The FBHE fluidizing air is collected
in a common freeboard area and routed to the PFBC secondary combustion zone.

In the first FBHE cell, solid material is either diverted to the superheat or reheat steam
passages or returned to the PFBC. This cell is referred to as the adiabatic zone. Solids
flowing to the superheat pass flow through cells 4, 3, and 2 which contain tube bundles
for finishing superheat, secondary superheat, and primary superheat respectively. Solids
flowing to the reheat pass flow through cells 7, 6, and 5 which contain tube bundles for
finishing reheat, primary reheat, and steam generation respectively. The tube bundles in
each of the six cells are submerged in a fluidized solid bed where the primary mode of
heat transfer is convection.

Each of FBHE cells that contain submerged tube bundles also contain submerged and
exposed enclosure wall heat transfer surface. Convection is the predominant mode of
heat transfer for the submerged walls while radiation predominates in the freeboard
region. The enclosure wall surface serves a steam drum positioned above the FBHE.
Evaporation occurs in the enclosure walls and the tube bundle of cell 2.

Fuel gas generated in the carbonizer is burned in the topping combustor with hot air
produced in the PFBC. The hot air from the PFBC assists the low-Btu fuel gas in
generating a topping combustor temperature is 2,350 °F. High temperature combustion
products are then expanded in a Westinghouse 501F GT to generate approximately

140 MW, of electrical power. The GT expander also produces the work required to
compress the process air steam. The turbo-set is a single spool, constant speed machine.
Gas turbine exhaust, approximately 1,170 °F, passes through a HRSG prior to exhaust to
ambient.

Waste thermal energy is removed from the process in the FBHE and HRSG. This
energy is used to generate high-pressure superheated steam. Steam turbine throttle
conditions are 2400 psig and 1000 °F. Reheat steam temperature is 1000 °F. Steam is
expanded producing approximately 280 MW, of electrical energy. Steam deaeration is
obtained through steam extraction. The condenser operates at 2.5" Hg(a).
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Two gas turbine trains operate in parallel. The gas turbine train includes the carbonizer,
PFBC/FBHE, and associated equipment. Waste heat from the two trains drive one
steam turbine set. The net power produced by the plant is approximately 538 MW, Net
plant efficiency is around 46.7 percent with a corresponding heat rate of

7,299 Btu/kW-hr.

The carbonizer and PFBC are large vessels containing significant volume. The freeboard
volume of the carbonizer is approximately an order of magnitude greater than that of the
GT. The PFBC volume is roughly six times greater than that of the carbonizer. The
carbonizer, PFBC, and FBHE all have large thermal inertias due to the presence of solid
particles. Acknowledging the volume differences and presence of large thermal inertias
is important in the understanding of the dynamic model.

The steam bottoming cycle contains both slow dynamics, such as those associated with
evaporative steam drums, and quick dynamics, such as those present in a high pressure
steam header. The dynamic response of each component in the bottoming steam cycle
affects the topping cycle components due to the highly integrated nature of the APFBC
combined cycle concept. Component integration is of primary interest to this modeling
effort.
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A2 PRELIMINARY MODEL DESCRIPTION

The platform for the dynamic model generated in this study is PC-TRAX. A basic
description of the model was given in Section 3. This section provides a more pragmatic
description of the model and is oriented towards the eventual end user.

PC-TRAX is a commercial software tool that allows for the dynamic analysis of
fossil-based power plants. PC-TRAX was chosen because it contains standard modules
appropriate for describing the dynamic behavior and control of much of the components
which make up the APFBC concept. Standard PC-TRAX modules were used to model
all of the plant control hardware, the GT, most of the steam turbine bottoming cycle, as
well as the plant valving and piping. The minimum hardware and software requirements
to run PC-TRAX is given in Table A-2.1.

Table A-2.1 - Hardware/Software Requirements

HARDWARE REQUIREMENTS

IBM AT compatible 80x86 computer (or Pentium)

8 MByte of RAM

30 MByte of free disk space

A parallel or serial port (may be used by a peripheral)
An 80x87 math co-processor (80386 only)

SOFTWARE REQUIREMENTS
IBM OS/2 2.1 or higher

WATCOM 386/77 FORTRAN (Supplied with PC-TRAX)

Since the APFBC power plant is an advanced technology concept, some component
models are not available in PC-TRAX’s library of standardized dynamic modules. These
advanced components include the carbonizer, char hopper, PFBC, FBHE, topping
combustor, and ash cooler. Therefore, customized dynamic modules were developed to
describe the performance of these components.

The customized dynamic models were coded in Advanced Continuous Simulation
Language (ACSL). ACSL is a general computer language designed to dynamically
model continuous time-dependent systems and is commercially available from Mitchell
and Gauthier Associates. The customized ACSL models were then dynamically
interfaced with the standard PC-TRAX modules. Shared variables are passed between
the interface and the two models are executed simultaneously. PC-TRAX provides an
easy method for the interface of the ACSL modules and standard TRAX code.
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The customized ACSL modules are supported by custom FORTRAN subroutines which
were utilized to perform non-dynamic algorithms. Table A-2.2 lists which components
were modeled by the TRAX modules and which required customized ACSL models.
Appendix B gives a brief overview of the customized model interface. Appendices L and
M contain the FORTRAN and ACSL source codes respectively.

Table A-2-2
Subsystem Computer Models

SUBSYSTEM MODEL TYPE REFERENCE
Carbonizer* Custom ACSL Appendix C
Pressurized FBC* Custom ACSL Appendix D
FB Heat Exchanger Custom ACSL Appendix E
Char Hopper Custom ACSL Appendix F
Ash Cooler Custom ACSL Appendix G
Topping Combustor Custom ACSL Appendix H
Compressors PC-TRAX
Gas Turbine PC-TRAX
HRSG PC-TRAX
Steam Turbines PC-TRAX
Condenser PC-TRAX
*Piping PC-TRAX
Control Valves PC-TRAX

* Includes cyclone and crossflow filter

To produce worthwhile results, a dynamic model of a commercial-sized APFBC power
plant must provide all of the mathematical statements necessary to reflect the power
cycle as described in Section A.1. The process model must incorporate the
thermodynamics, hydrodynamics, and chemistry in sufficient detail to provide accurate
performance results during steady-state and transient operation. Each primary
component must be described in sufficient detail so that it may successfully interact with
the other components. This detail must be balanced with computational magnitude to
yield an effective yet uncumbersome model.

The dynamic model developed in this study provides mass and energy balances,
appropriate chemistry, pressure-flow relationships, and velocity affects. Descriptions of
the standardized PC-TRAX modules can be found in the TRAX Theory Manual. Block
diagrams showing the configuration of the TRAX portion of this model are shown in
Section A.3. Descriptions of the customized ACSL modules are given in Appendices C
through H.
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An important element in a dynamic power plant model is the inclusion of a control
scheme. The control scheme must be interfaced with the process model. As in the case
of the dynamic process model, the control scheme must be of sufficient detail to provide
usable results.

All process control model components utilize standard PC-TRAX modules. Module
types that are used include: transmitters, various mathematical operators, function
generators, three mode controllers (also known as Proportional-Integral-Derivative
controllers PID), three element controllers, auto-manual stations, and lead-lag elements.
Appendix I describes the control strategy and how the control strategy is realized within
the TRAX framework.

A3 BLOCK FLOW DIAGRAMS

The model presented in this report is actually two distinct models which are executed
simultaneously. The first model consists of standard PC-TRAX modules. The second
consists of customized ACSL code.

The TRAX model consist of standard PC-TRAX modules connected by material
streams. The modules and streams are configured such that they represent the flow and
volumes of the actual process which is being modeled. Each module describes the
dynamics associated with a piece of plant hardware such as a valve, pipe, or deaerator.
Information is passed between modules by the material streams. This scheme is best
represented in the form of a block diagram.

This section describes the block diagrams illustrating the PC-TRAX process model. The
reader is urged to consult Figure 2-2 so that the actual process confignration can be
compared to the block diagram representation.

For the diagrams presented in this section, blocks represent plant hardware and are
identified by a three character ID. The appropriate TRAX ID is also shown. The
TRAX ID is to be used when referring to the TRAX Analyst Instruction Manual.
Streams are also identified by an ID tag. Stream ID’s are to be used to determine state
point data. W _ID, H ID, X ID, T ID, and P_ID correspond to the stream flowrate,
enthalpy, composition, temperature, and pressure respectively.

Block and stream ID’s start with a alphabetic letter. The letter corresponds to the
description of the plant subsection associated with that block. For instance, block and
stream ID’s corresponding to the HRSG section will start with the letter H. The model
area designation is shown in Figure 3-2 and described in Section 3.4. The first two
letters in the model interface block ID’s are MI for the TRAX components and II for
the custom components. The first two letters of ID’s for streams entering the custom




model from the TRAX model are SI. The first two letters of ID’s for streams exiting the
custom model and flowing to the TRAX model are SO.

Two topping cycle trains power a single steam turbine. Only one topping cycle has been
modeled. The heat recovery interface is duplicated so that the steam bottoming cycle
assumes heat recovery from two topping cycles.

A3.1 PC-TRAX Gas Turbine Turbo-Set

Figures A-3.1 and A-3.2 show the TRAX configuration for the gas turbine and topping
combustor exhaust respectively. Air enters the flowsheet in block GB2 and is
compressed to high pressure in block GC1. The air is distributed to the main air header,
rotor cooling air, and turbine cooling air in streams GSS5, GS7, and GS11 respectively.
High temperature flue gas from the custom ACSL topping combustor model enters the
TRAX model in stream SO3. Following direct cooling by stream GS8, the hot flue gas is
expanded in block GT1. Turbine exhaust flows to the HRSG through stream GS14.
Table A-3.1 contains summary descriptions of the blocks shown in Figures A-3.1 and
A-3.2.

A.3.2 PC-TRAX FBHE Fluidizing Air Valve Header

Figure A-3.3 shows the TRAX configuration of the FBHE fluidizing air header. Air
enters the header from the gas turbine compressor exhaust piping in stream GS6. Valves
AV1 through AV7 control the flow of air to the seven fluidized FBHE cells. The control
modules are described in Appendix I. The model interfaces MIA to MIG in the TRAX
model interact with model interfaces IIA through IIG in the custom model. Table A-3.2
contains summary descriptions of the blocks shown in Figure A-3.3.

A.3.3 PC-TRAX PFBC Air Feed

Figure A-3.4 shows the TRAX configuration of the PFBC air header. Air enters this
section of the flowsheet in stream AS9. Block PJ1 distributes air between PFBC primary
air, PFBC secondary air, carbonizer area air, and bypass air which correspond to streams
PS2, PS3, PS4, and PS8 respectively. Air flow to the PFBC primary and secondary zones
is controlled by valves PV1 and PV2 respectively. The control modules are described in
Appendix I. Blocks MI4 and MIS provide the interface in the TRAX model. Blocks IT4
and II5 provide corresponding service in the custom model. Table A-3.3 contains
summary descriptions of the blocks shown in Figure A-3.4.




Table A-3.1 - Gas Turbine Block Diagram Summary

BLOCK NAME TRAX DESCRIPTION

GB2 BCEGP Boundary condition, inlet air to GT

GC1 COMPSL GT air compressor.

GJ2 JUNCPA Pressure node, air splitter.

GH3 HXAA Piping energy and pressure loss component.
GV2 VALVEG Control valve, air to ambient.

GB1 BCLGP Boundary condition, air to ambient.

GGl GENVS GT generator.

GR2 RSISTG Pipe, flow resistance.

GJ3 JUNCPA Pressure node, air mixer.

GR2 RSISTG Pipe, flow resistance.

GR5 RSISTG Pipe, flow resistance.

GT1 GTRB Gas turbine expander.

GJ4 JUNCPA Pressure node, air mixer.

GV1 VALVEG Control valve, air bypass to top combustor.
MI6 MILGP Model interface, air bypass to combustor.
II6 MIEGW Model interface, air bypass to combustor.
GS3 SET Set block, variable Q.

GS4 SET Set block, variable Q.

GSS5 SET Set block, variable Q.

GS7 SET Set block, variable valve position.

103 MILGW Custom model interface component.
MO3 MIEGP TRAX model interface component.

GR1 RESIST Piping pressure drop.

Table A-3.2 - FBHE Fluidizing Air Header Block Diagram Summary

BLOCK NAME TRAX DESCRIPTION
AV1-AV7 VALVEG Air flow control valves.

MIA-MIG MIEGP TRAX model interface components.
IIA-IIG MIEGW Custom model interface components.
All JUNCPA Pressure node, air splitter.

ARI1 RSISTG Piping pressure loss.
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Table A-3.3 - PFBC Air Header Block Diagram Summary

BLOCK NAME | TRAX NAME DESCRIPTION

PJ1 JUNCPA Pressure node, air splitter.

PR2 RSISTG Piping pressure loss.

PV1 VALVEG PFBC primary zone air control valve.

PV2 VALVEG PFBC secondary zone air control valve.

MI4 MILGP TRAX model interface component.

MI5 MILGP TRAX model interface component.

II4 MIEGW Custom model interface component.

115 MIEGW Custom model interface component.
A.3.4 PC-TRAX Carbonizer Air/Steam Feed ’

Figures A-3.5 and A-3.6 show the TRAX configuration for the air and steam feed to the
carbonizer. Air from the PFBC area in stream PS5 is divided between the transport and
carbonizer primary air flow, which flows in streams CS6 and CS3 respectively. Steam
enters this flowsheet subsection in stream BS65. Table A-3.4 contains summary
descriptions of the blocks shown in Figures A-3.5 and A-3.6.

A.3.5 PC-TRAX Fuel Gas Flare and Piping

Figure A-3.7 shows the TRAX configuration for the fuel gas flare and associated piping.
Fuel gas generated in the carbonizer flows to the TRAX model through stream SO1.
FV1 and FV3 are valves which can dump fuel flow to a flare. FV2 is a block valve
normally 100 percent open. Fuel gas is returned to the custom model through stream
SI7. Table A-3.5 contains summary descriptions of the blocks shown in Figure A-3.7.

A.3.6 PC-TRAX Vitiated Air Piping

Figure A-3.8 shows the TRAX configuration for the fuel gas flare and associated piping.
Vitiated air from the PFBC flows into the TRAX model in stream SO2. Following small
pressure loss, vitiated air is returned to the custom model in stream SIS. Table A-3.6
contains summary descriptions of the blocks shown in Figure A-3.8.
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Table A-3.4 - Carbonizer Air/Steam Feed Block Diagram Summary

BLOCK TRAX DESCRIPTION
a1 JUNCPA Pressure node, air splitter.
CcC1 COMPSL Primary air boost compressor.
CJ2 JUNCPA Pressure node.
Cv1 VALVEG Carbonizer primary air control valve (dummy).
cJ3 JUNCPA Pressure node.
cC2 COMPSL Transport air boost compressor.
CJ4 JUNCPA Pressure node.
Cv2 VALVEG Transport air control valve (dummy).
als JUNCPA Pressure node.
CR3 RSISTG Piping pressure loss.
CV3 VALVE Carbonizer steam control valve.
MI1-MI3 MILGP TRAX model interface component.
II1-113 MIEGW Custom model interface component.
CH1 HXAA Air cooler for transport air.
CH2 HXAA Air cooler for transport air.
CH3 HXAA Air cooler for transport air.
cJe JUNCPA Pressure node.
A.3.7 PC-TRAX HRSG

Figures A-3.9 and A-3.10 show the TRAX configuration for the boiler feed water pump
and HRSG. Boiler feed water in stream BS57 is pressurized in block BP1 and
distributed to both HRSG’s. BFW also flows to the attemperators. Hot flue gas from
the gas turbine expander flows into this subsection in stream GS14. Boiler feed water
flows into the economizer in stream HS8. Superheated steam exits the flowsheet in
stream HS14. Subcooled water exits the flowsheet in stream HS10. Table A-3.7
contains summary descriptions of the blocks shown in Figure A-3.9.

A.3.8 PC-TRAX FBHE Steam Drum and Piping

Figure A-3.11 shows the TRAX configuration for the boiler water piping leading to the
FBHE steam drum. Control valve PV3 meters water which flows to the custom model
through interface MI9 and II9. The controls are discussed in Appendix I. Figure A-3.12
shows the TRAX configuration for the HRSG superheated steam flow to FBHE finishing
superheater and the superheater attemperating spray streams. Table A-3.8 contains
summary descriptions of the blocks shown in Figures A-3.11 and A-3.12.

A-14




A

ell

G-y ainbi4

. MSTIN
INOLSNO
< 1]
S MOIIN
< an
=~ s MDIIN

A A Ve VaWaNl o WaWaWaWaVaVaN oW

o
2dd Woud VdONNP > /S0
GSd 989
ero
VdONNP
EIN rg Woud £S0
dSTN [ oo IAVA | gosa 255
1SD 109 200
1SdNOD 1SdN0D
XVHL A8
) 650
LIN IND 2ro ro
dOIN lS DIAAIVA S0 VdONNF VdONNr
01S9
2IN gHO sro Z\0
dOTIN 215 p1sIsay Z150 vdONNP 180 HIATVA
¥S0

13s

A-15




LSO

€HO
VVXH

L1SO

Lro
VdONNP

9'e-V @1nbiy

cHO

880
13S

91SO

VVXH

LSO
13S

S1SO

oro
VdONNr

980
138

18O

IHO
VVXH

980

16




Table A-3.5 - Fuel Gas Flare and Piping Block Diagram Summary

BLOCK TRAX DESCRIPTION
I01 MILGW Custom model interface component.
MO1 MIEGP TRAX model] interface component.
FR2 RSISTG Piping pressure loss.
FI1 JUNCPA Pressure node.
FV1 VALVEG Valve to large vent.
FB1 BCLGP Large vent flow boundary condition.
Fv2 VALVEG Control valve (dummy).
FJ2 JUNCPA Pressure node.
Fv3 VALVEG Valve to large vent.
FB2 BCLGP Small vent flow boundary condition.
FR1 RSISTG Piping pressure loss.
MI7 MILGP TRAX model interface component.
II7 MIEGW Custom model interface component.

Table A-3.6 - Vitiated Air Piping Block Diagram Summary

BLOCK TRAX NAME DESCRIPTION

NAME
102 MILGW Custom model interface component.
MO2 MIEGP TRAX model interface component.
VR1 RSISTG Piping pressure loss.
VP1 JUNCPA Pressure node.
VR2 RSISTG Piping pressure loss.
MI8 MILGP TRAX model interface component.
118 MIEGW Custom model interface component.
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Table A-3.7 - HRSG Block Diagram Summary

BLOCK TRAX DESCRIPTION
BP1 PUMP Boiler feed water pump.
HJ2 JUNCP Pressure node, water splitter.
BB2 BCLSW Boundary condition, train #2 HRSG BFW flow.
HD1 DUCTEX HRSG ducting.
HS1 SET Set block, variable air split.
HS2 SET Set block, variable damper position.
HH1 SUPER Superheater.
HH2 EVAPGT Steam drum evaporator.
HH3 ECNMZR Economizer
HB4 BCLSW Boundary condition, blowdown.
GMERGE HM1 Gas path merge.
HJ1 JUNCP Pressure node, water splitter.
HV1 VALVE Control valve.

A.3.9 PC-TRAX H/P Steam Turbine and Reheater

Figure A-3.13 shows the TRAX configuration for the high pressure steam turbine and
reheater. High pressure steam from the first train finishing superheater is mixed with
the same from the second train in BJ2. Logic for the second train steam flow can be
found in the *.CFM file. The combined high pressure steam flow passes through control
valve BV1 prior to entering the high pressure turbine, BT1.

High pressure turbine effluent is split and routed to the reheaters. Logic for the second
train reheat steam flow can be found in the *.CFM file. Train # 1 reheater flow passes
from the TRAX model to the custom model in stream SIJ. Hot reheat from the custom
model is returned to the TRAX model through stream SOS5.

Table A-3.9 contains summary descriptions of the blocks shown in Figure A-3.13.
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Table A-3.8 - Steam Piping Block Diagram Summary

BLOCK NAME TRAX NAME DESCRIPTION

PV3 VALVE Control valve, BFW flow to steam drum.
MI9 MILSP TRAX model interface component.

19 MIESW Custom model interface component.
PV4 VALVE Control valve, attemperating spray flow.
MII MILSP TRAX model interface component.

IIx MIESW Custom model interface component.
P12 JUNCP Pressure node.

PR1 RESIST Piping pressure loss.

MIH MILSP TRAX model interface component.
ITH MIESW Custom model interface component.

A-23




WoLsno y

Xvdd 6IS

6IN
dSTIN

L1'e-Y ainbig

62S

ENd
IANTVA

OISH

€Ad NOH4

A-24




NOLSNO

i
MS3IN

HIN
dSTIN

N

2Le-y ainbi4

dSTnN |

HIN
dSTIA

Xvdl

A

HIS

A |
S INTUA
gsd
13s
ud | erd
lsisad [T geq dONAP

4Sd

YISH

ofH WOH4d

IHH Nowv4d

A-25




£1'e-v ainbl4

L# NIVHL

LvaHaY
L# NIVHL
% oyg .| vra | sow ol
WV3LS H3dNS Lsisay Zl doNnr [gog | MSN dSTIN
o MIVHL zlsg L1Sg
vag LvaHay
ds308d 2# NIVHL OL
sag | _ Lug
dstog [S Lsisad
osd lsq
WV \ A
aug Y| oLsg
isisay IATVA
INOLSNO
89sq XvHl
\
ssd wra
\} aonnr
2rg | s | erg J  rw ril
dONNP —— 6959 ayls pon dOoNNe P MSTIN ds3in
A 8sg 138
¥sd ¢orH NOYd > ond
gssa | aaivA ossg
oug |_ YOW 70
v | 1S53 [Soe dsaIn MSTIN
WV3LS
@aLVvaH Y3dns

A-26




Table A-3.9 - H/P Turbine and Reheater Block Diagram Summary

BLOCK TRAX NAME DESCRIPTION
104 MILSW Custom model interface component.
MO4 MIESP TRAX model interface component.
BRC RESIST Piping pressure loss.
BB4 BCESP Boundary condition, train # 2 S/H steam.
BRD RESIST Piping pressure loss.
BJ2 JUNCP Pressure node, flow mixer.
BV1 VALVE Control valve, H/P steam flow.
BIM JUNCP Pressure node.
BT1 STRB H/P steam turbine.
BV6 VALVE Control valve, R/H attemperator flow.
BJ3 JUNCP Pressure node, splitter, mixer.
BR1 RESIST Piping pressure loss.
BBS5 BCLSP Boundary condition, flow to train #2 R/H.
M1 MILSW TRAX model interface component.
1R} MIESP Custom model interface component.
105 MILSP Custom model interface component.
MOS5 MIESW TRAX model interface component.
BJ4 JUNCP Pressure node.
BRG RESIST Piping pressure loss.

A.3.10 PC-TRAX I/P Steam Turbine and Carbonizer Steam Extraction

Figure A-3.14 shows the TRAX configuration for the I/P steam turbine sections. Reheat

from train # 2 enters the flowsheet through stream BS13 and is mixed with the flow
from train # 1 in block BJ5. The combined flow enters I/P turbine section BT2.
Carbonizer steam feed is provided by an extraction at block BJ6. Following further
expansion, the deaerator extraction is taken at block BJS.

Figure A-3.15 shows the TRAX configuration for desuperheating the steam extraction
used for carbonizer feed. The steam extraction removed at block BJ6, from Figure

A-3.14, is desuperheated by boiler feed water in block BJK. The resulting flow is split to

the carbonizers. Stream BS65 is the steam feed to the carbonizer in train # 1.
Likewise, stream BS66 is the steam feed to the carbonizer in train # 2.
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Table A-3.10 contains summary descriptions of the blocks shown in Figures A-3.14 and
A-3.15. This summary will provide added insight during execution and analysis of this

model.
Table A-3.10 - I/P Turbine Block Diagram Summary

BLOCK TRAX NAME DESCRIPTION
BB6 BCESP Boundary condition, reheat from train #2.
BV4 VALVE Control valve on train #2 reheat flow.
BJ5 JUNCP Pressure node, steam mixer.
BT2 STRB I/P steam turbine section.
BJ6 JUNCP Pressure node, steam splitter.
BRB RESIST Piping pressure loss.
BT3 STRB I/P steam turbine section.
BI7 JUNCP Pressure node.
BT4 STRB L/P steam turbine section.
BJ8 JUNCP Pressure node, steam splitter.
BR2 RESIST Piping pressure loss.
BT5 STRB L/P steam turbine section.
BP3 PUMP BFW pump.
BJJ JUNCP Pressure node.
BV7 VALVE Control valve, BEW flow to desuperheater.
BIJK JUNCP Pressure node, water mixer.
BRA RESIST Piping pressure loss.
BJL JUNCP Pressure node, flow splitter.

A3.11 PC-TRAX I /P Steam Turbine and Feed Water String

Figure A-3.16 shows the TRAX configuration for the L/P steam turbine and exhaust
section. Also shown is the water storage tank and associated piping. An extraction for
the feed water heater is removed at block BJ9. The remaining steam flow is expanded
in block BT6. Block BT6 accounts for the exhaust loss. The turbine effluent flows into
the condenser, block BC1. Condenser cooling water enters in stream BS22. Make-up is
provided by storage tank BK1.
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Figure A-3.17 shows the TRAX configuration for the condensate pump, ash cooler, and
feed water heater. Condensate from the condenser in stream BS35 is pressurized in
block BP2. The resulting flow is split amongst the train # 2 ash cooler, stream BS41,
train # 1 ash cooler, stream SIK, and feed water heater inlet flow, stream BS43. Water
from the ash cooler is returned to the TRAX model in stream SO6. Water from train
# 2 is mixed with stream SO6 in block BJG.

Figure A-3.18 shows the TRAX configuration for the steam cycle deaerator. The main
feed water stream enters the deaerator as BS71. This flow is controlled by valve BVD.
Flow from the ash coolers arrives in stream BS54. The deaerator is block BH2. Boiler
feed water flows from the deaerator in stream BS51.

Table A-3.11 contains summary descriptions of the blocks shown in Figures A-3.16,
A-3-17, and A-3.18. This summary will provide added insight during execution and
analysis of the model.

A4 HOW TO USE MODEL

The model provided with this report can be exercised to investigate various scenarios
confined to the configuration as described in the appendix. Model variables such as
volumes, controller tunings, set points, and time constants may be changed by the
analyst. Also, controllers may be taken out of service and the gas turbine can be made to
run on natural gas rather than carbonizer gas. To change the present plant design, the
analyst must modify the model provided with the report. Changes to the present design
include such things as removing or adding controllers, adding or deleting process
equipment, or enhancing the customized or standard TRAX modules. This section will
describe how the model can be exercised as provided, and how the model can be
modified to reflect design changes. It is assumed that the reader has a rudimentary
knowledge of the TRAX software and has some ACSL/FORTRAN coding skill.

A.4.1 Exercising the Model

PC-TRAX is run from the MODELS directory. Subdirectories of MODELS contain the
executable code of the models. As discussed, there are two separate and distinct models
which make up the commercial-sized APFBC power plant model. The model containing
the standard TRAX modules, PFB2MDL1, must be stored in a different subdirectory
than the model containing the custom ASCL code, PFB2MDIL2.

As a demonstration, it is assumed that PC-TRAX is loaded on the F directory. In this
scenario, PFB2MDL1 could be stored in subdirectory [F:\MODELS\CUSTOM] and
PFB2MDL?2 could be stored in subdirectory [F:\MODELS\CUSTOM-X]. In this case,
PC-TRAX would be run in the [F:\MODELS] directory.
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Table A-3.11 - L/P Turbine and Feed Water String Block Diagram Summary

BLOCK TRAX NAME DESCRIPTION
BJ9 JUNCP Pressure node, steam splitter.
BR3 RESIST Piping pressure loss.
BT6 LPTRB L/P turbine with exhaust loss.
BC1 CONDNC Condenser.
BBC BCLSP Boundary condition, outlet cooling water flow.
BBB BCESP Boundary condition, inlet cooling water flow.
BVS VALVE Control valve, cooling water flow.
BS6 SET Set block, variable valve position.
BJA JUNCP Pressure node.
BBA BCLSW Boundary condition, condenser vent.
BR4 RESIST Piping pressure loss.
BJE JUNCP Pressure node, water mixer.
BVE VALVE Control valve, storage tank inlet.
BK1 TANKST Water storage tank.
BVF VALVE Control valve, storage tank outlet.
BP2 PUMP Condensate pump.
BJF JUNCP Pressure node, water splitter.
BBG BCLSW Boundary condition, train #2 ash cooler flow.
MIK MILSW TRAX model interface component.
K MIESP Custom model interface component.
106 MILSP Custom model interface component.
MO6 MIESW TRAX model interface component.
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Table A-3.11 - L/P Turbine and Feed Water String Block Diagram Summary (cont.)

BLOCK NAME TRAX DESCRIPTION

BBH BCESP Boundary condition, train #2 ash cooler return.
BR6 RESIST Piping pressure loss.

BIG JUNCP Pressure node, water mixer.

BH1 FHHSCD Feed water heater.

BJH BCESW Boundary condition, drain inlet.

BS7 SET Set block, variable liquid height.

BIN JUNCP Pressure node.

BVD VALVE Control valve, BEW flow.

BBI BCESW Boundary condition, recirculation flow.
BH2 FHDANC Steam deaerator.

BVB VALVE Control valve, ash cooler flow.

BBJ BCLSW Boundary condition, deaerator vent.
BR7 RESIST Piping pressure loss.

BJ1 JUNCP Pressure node, water splitter.

BG1 GENVS S/T generator.

To execute the models, enter <PCTRAX> at the OS/2 command prompt of the
[F:\MODELS] subdirectory. You will be asked to pick the model and time step. Both
models are run simultaneously, therefore both PFB2MDIL1 and PFB2MDL2 must be
chosen. A time step of 0.1 seconds or less is suggested.

Following model selection, the program will build the appropriate model interfaces and
load the program. Once the program is loaded, a window will appear with a menu bar
across the top. Contained within the window are two subwindows, the first titled
PC-TRAX Commands, the second titled PC-TRAX data log.

It is desired to start the model from a stable, steady-state point. The recommended
starting point corresponds to 100 percent of design load. To load this steady-state
condition, open File from the menu, select Open IC from the submenu, open file
IC000002.IC described as "time out 30000". The model was run for 30000 seconds and
the variable values were saved in this file. Starting at this point provides for a more
stable, steady-state condition than that at time zero.

It is recommended that the analyst remove the real-time constraint by entering <rt off>

at the PC-TRAX command box. This will save the analyst a considerable amount of
time.
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Primary output is provided in the PC-TRAX data log window. A previously saved log
configuration can be retrieved by selecting Log from the menu bar, opening Open, and
highlighting a *.LGS file. To create your own data log, select Log from the menu bar,
open Log SetUp, and select which variables you would like to log. Variables can be
logged into an electronic file or viewed in the data log window. It is up to the analyst to
chose either one or the other. To log data to an electronic file which can be submitted
to a printer type <mon on> at the PC-TRAX command prompt. The data will be
stored in a PCTRAX.LOG file which can be printed after completion of the run.

Following completion of the log set-up, a log time interval should be chosen. This
interval will set the time period between successive logged outputs. The default is one
second. The time selected must be greater than the time step. To enter a log interval
type <logint=_> at the PC-TRAX command window.

Before starting the model, a stop time must be entered into the program. This is
accomplished by typing <stoptime=_ > at the TRAX command prompt. To start the
model enter <run> at the PC-TRAX command bar. The model will execute with the
appropriate values logged into the data window. During execution, variable values may
be plotted on the screen. To plot variables during model execution open Output from
the menu bar and select Trend. A window will appear. An old trend configuration may
be opened by selecting File, Open, and then highlighting a * PLT file. A new trend
configuration may be set up by selecting SetUp from the trend menu bar. Four variables
per window may be plotted.

Model execution can be terminated by freezing the program and typing <quit> at the
PC-TRAX command. Program execution is halted by either typing <freeze> at the
PC-TRAX command box or hitting the F9 key. The freeze command can also allow the
analyst to adjust certain model parameters and to view values not currently logged by
typing <adjust> or <view> from the PC-TRAX command window.

The adjust command can also be executed while the model is running. The adjust
command allows the analyst to do such things as initiate change in load, adjust controller
tunings, take controllers out of automatic operation, close valves, bypass flows, and to
modify component time constants. The block diagrams presented in Section A.3, the
ACSL source code in Appendix L, and the instrumentation diagrams in Appendix I
should be used when making adjustments to the model. -

Following completion of the model execution, variable values may be plotted on the
screen. To plot variables following model execution open Output from the menu bar
and select Plot. A window will appear. An old plot configuration may be opened by
selecting File, Open, and then highlighting a *.PLT file. A new plot configuration may
be set up by selecting SetUp from the trend menu bar. Four variables per window may

A-37




be plotted. Plots generated in this fashion may be submitted to a printer by selecting
File and opening the Print box.

Additional run-time commands and instruction can be obtained by consulting the
PC-TRAX Analyst Instruction Manual. The analyst should consult this document prior
to using the software.

A.4.2 Modifying the Model

Modifying the process or control model requires that the analyst be well aware of the
complete model configuration. The model configuration is presented in Section A.3.

The analyst should also be comfortable with the customized ACSL code contained within
the model and presented in Appendix L. The model should be backed-up and saved on
disc prior to any modification. In this manner, the original model may be preserved
should the modified version become corrupt.

To change the configuration, operating or physical parameters of the standard TRAX
model, the analyst must go to directory [F:\MODELS\CUSTOM]. At the OS/2
command prompt, enter <MCPARM PFB2MDL1>. The PC-TRAX manual outlines
the necessary procedure for affecting model modifications. The menu bar at the bottom
of the window serves as a good guide. Following modification, exit MCPARM. Enter
<TRAXGEN PFB2MDL1> to convert the new model to executable FORTRAN.

To change the configuration, operating or physical parameters of the TRAX components
of the customized model, the analyst must go to directory [F:\MODELS\CUSTOM-X].
At the OS/2 command prompt, enter <MCPARM PFB2MDL2>. The PC-TRAX
manual outlines the necessary procedure for affecting model modifications. The menu
bar at the bottom of the window serves as a good guide. Following modification, exit
MCPARM. Enter <TRAXGEN PFB2MDI2> to convert the new model to executable
FORTRAN.

To modify the customized ACSL code, the analyst must go to directory
[F:\MODELS\CUSTOM-X]. With a quality editor, edit PFB2MDI.2.CUS to make the
desired changes. The supporting FORTRAN in FORTRAN.CUS may be edited in the
same manner. Following the editing changes, exit the editor and type <MCPARM
PFB2MDL2>. Generate the .CSL file by pressing the F4 and F5 keys. Exit MCPARM
and enter <TRAXGEN PFB2MDL2> to convert the new model to executable
FORTRAN.

Following model modifications, the model may be executed from the [F:\MODELS]

directory. The same procedure as outlined in A.4.1 should be used to run the modified
model.
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B PC TRAX AND CUSTOMIZED INTERFACES

Two models are used to simulate the PFBC-II combined cycle. The first, PFBZMDLI,
contains standard TRAX modules. The second, PFB2MDIL 2, contains custom tailored
ACSL code. This section describes the interface between the two models.

B.1 INTRODUCTION

The architecture of the PC-TRAX module interconnection scheme is that "Flow" nodes
connect to "Pressure” nodes. Pressure nodes calculate pressure and pass the value to the
upstream and downstream flow nodes. Likewise, Flow nodes calculate flow and pass the
value to the upstream and downstream pressure nodes. Figure B-1.1 shows the flow of
information between nodes.

DIRECTION OF FLOW
>
P P : P
w W w
— R ”| PRESSURE [€ FLOW —H">
—x>|. NODE — x> NODE >
—> ——> —

Figure B-1.1 - PC-TRAX Interconnection Scheme

As can be seen in Figure B-1.1, pressure is passed from pressure nodes, flow is passed
from flow nodes, and enthalpy and composition flow downstream.

Modeling of the PFBC-II combined cycle power plant required custom tailored models
for the carbonizer, CPFBC, FBHE, topping combustor, and ash cooler. Custom models
were required because they do not exist amongst the PC-TRAX library of subroutines
used to describe conventional power cycle equipment such as turbines and compressors.
Also, the custom tailored models had to be interfaced with the standard PC-TRAX
modules. Section B.2 describes the method used to interface the standard PC-TRAX
modules and the custom tailored modules.

B.2 MODEL INTERFACE

Five custom tailored subsystem modules were coded in ACSL and interfaced with the
standard PC-TRAX modules. The subsystems are listed in Table B-2.1
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Table B-2.1

Custom Tailored Modules
SUBSYSTEM NODE TYPE
Carbonizer Pressure
PEFBC Pressure
FBHE-Gas/Steam Pressure/Flow
Ash Cooler Flow
Topping Combustor Pressure

There are four possible interface combinations. The four interface combinations are
shown below. Steam is the assumed fluid, but air, gas, and oil are also possible.

For a component module that is a pressure node, such as the carbonizer, the following
scheme would be used to pass information into and out of the module.

PC-TRAX Custom

AN MILSP > @—N—O—i

PC-TRAX Custom

W—@ < _MILSW 4—1—0—4

For a component module that is a flow node, such as the ash cooler, the following
scheme would be used to pass information into and out of the module.

B-2




PC-TRAX Custom

HO-+—» MiLsw > @—H—N\/—d

PC-TRAX Custom

@4—@ < Mmisp e—AAH

Further details can be found in the TRAX Analyst Instruction Manual.
B.3 MODEL INTERFACE VARIABLES

Streams which flow from the TRAX model to the custom model are identified in

Table B-3.1. Those which flow from the custom side to the TRAX model are identified
in Table B-3.2. Table B-3.3 contains a listing of all variables passed between modules
using MIVAR.
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